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ABSTRACT
Spray Characterization of Water Truck Nozzles and Proposed Nozzle 
Modifications to Improve Spray Uniformity
by
Shibi Paul
Dr. David E. James, Examination Committee Chair 
Associate Professor, Department of Civil and Environmental Engineering 
University of Nevada, Las Vegas
Dust suppression by water application constitutes a major part of the total 
construction water use in Clark County, Nevada. This study investigates the 
efficiency and uniformity of water application from water trucks by characterizing 
their water spray patterns. Two field methods were developed to evaluate water 
application, the ‘moving truck method or trench method’ and the ‘stationary truck 
method or gutter method’. The moving truck method adequately simulated a 
construction site but was time-consuming. The field portable stationary method 
provided rapid feed back about spray distribution. Various nozzles types, their 
different geometric configurations and simple design modifications of the existing 
nozzles were tested for possible uniformity improvement. Major improvements in 
spray uniformity were achieved by adjusting nozzle slot width, and fan and 
orientation angles. These adjustments were implemented by simple modifications 
to nozzle slots and spray-control collars.
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CHAPTER 1
INTRODUCTION
1.1 Research Problem 
Las Vegas has one of the hottest and driest climates in the United States and 
is also the fastest growing large urban area. It is estimated that approximately 
three percent of Southern Nevada Water Authority’s water supplies (4.8 billion 
gallons per annum) are consumed by construction activities such as soil pre­
wetting, compaction, earthmoving, and fugitive dust control (James, 2004). 
Largely due to urban growth. Southern Nevada’s limited water resources are 
subject to increases in demand. The region is facing a sustained drought at the 
same time. Therefore, conservation and efficient use of water is critical to the 
community’s long term water supply (Korman et al., 2002). Table 1-1 shows the 
total construction water billings of Southern Nevada Water Authority during the 
period from 2001-2003.
Fine particulate emissions (PMio, particulate matter less than 10 pm in 
aerodynamic diameter) from soil disturbance are one of the major air 
contaminants in the Las Vegas area. Las Vegas has been designated by the 
EPA as a non attainment area for PMio emissions (CCDAQM, 2004). 
Construction activities are estimated to account for 23 % of 1998 annual
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
particulate emissions and wind blown dust from vacant land accounts for 39% of 
the same (USEPA technical support document, 2003).
Table 1-1 : Total potable water and construction water billings of Southern 
Nevada Water Authority during the period 2001-2003 (Source: Dr. Dave James, 
2004)
Utility
Total
delivered
(MG)
Total
construction
(MG)
Construction
Percentage
Monthly ave 
construction 
(MG)
Period of 
record
City of 
Henderson 65,994 1,948 3.0% 63 6/01-12/03
LVVWD 305,748 6,703 2.2% 210 1/01-8/03
City of NLV* 22,829 2,159 9.5% 127 1/02-9/03
Total 394,572 10,810 2.7% 400
*NLV record currently partial, may include one golf course
Construction activities are one of the largest contributors of PMio emissions in 
the valley. In the construction industry, water application is the most common 
method for reducing PMio emissions since it is a rapid and inexpensive way to 
control dust. Control is achieved mainly by spraying water from water supply 
trucks on to vacant lands, haul roads and, active construction sites (EPA, 1985). 
It is assumed that the current state of practice of water application from dust 
control/water spray equipment is not optimal due to lack of guidelines and lack of 
practical tools for efficiency improvement.
Preliminary observations of the operation of water spray equipment (typically 
water trucks) on construction sites indicated that typical operation with more than 
one spray nozzle together causes spray overlap in some regions of the spray
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coverage area. This result in water wastage, muddy conditions in the overlap 
area and dirt carry over from the site by haulage trucks. Reducing flow rate to 
limit application rate in the overlap region will leave the other regions of the spray 
area under applied (James, 2003).
1.2 Research questions
1) Can techniques be developed to measure applied spray uniformity?
2) What is the uniformity of water applications from different kinds of dust 
control / water spray equipment?
3) What nozzle modifications provide the best improvement in spray 
uniformity?
1.3 Research Objectives
The research includes three main objectives. The first objective was to 
develop and test field methods to evaluate water spray efficiency and uniformity 
from current construction site water spray/dust control equipment. The second 
objective was to investigate the spray uniformity and efficiency of various spray 
nozzle types and geometric configurations. The third objective was to develop 
possible improvements in uniformity and water application efficiency.
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1.4 Summary of Project Experimental Methods
1) Two test facilities will be developed to capture water spray from dust 
control equipment used in construction sites and the spatial distribution of 
applied water will be measured.
2) Water will be applied from different kinds of spray equipment, the applied 
depths will be measured, compared to nominal application depths, and 
uniformities will be calculated..
3) Different nozzle types and geometric configurations will be tested to 
evaluate the resulting distribution uniformity of applied water.
4) Simple, operator-friendly design modifications of these nozzles will also be 
tested for possible improvements in water application efficiency and spray 
uniformity.
1.5 Significance of this research
Results of this study can be used to improve the uniformity with which water 
is applied on the ground and thereby reduce wastage. Tools will be developed to 
help the construction industry estimate the rate and uniformity of water 
application to the ground surface.
1.6 Organization of this research
This thesis includes six chapters. Chapter 2 provides a summary of the 
literature review pertaining to construction site water use for dust suppression, 
and studies about water spray / dust suppression equipment. Chapter 3 provides
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the basic theoretical aspects of water spray systems used in construction sites. 
Field methods used for conducting the spray characterization tests are described 
in Chapter 4. The results and their significance are summarized Chapter 5. 
Conclusions and recommendations are given in Chapter 6.
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CHAPTER 2
BACKGROUND AND LITERATURE REVIEW 
This chapter presents available background information on the water use 
practices in construction sites for dust control, fugitive dust suppression using 
water sprays, and studies about the water spray systems used for dust 
suppression in different industries.
2.1 Construction activities
2.1.1 Dust production from construction activities 
Construction activities account for a substantial portion of total fugitive dust 
emission in the United States. Construction activities contributed 13.5 percent of 
the 29,778 thousand tons of PMIO emissions in the United states in the year 
1997 (USEPA, 1998). The emissions could be associated with, but not limited to, 
activities such as clearing and grubbing, cut and fill operations, ground 
excavations and drilling and blasting etc (EPA, 1995; CCDAQM, 2003).
Extensive studies have been done to quantify the fugitive dust emissions from 
construction sites (USEPA, 1995; AW MA 2000, Cowherd et al., 1974). Emission 
factor formulas for specific construction activities including dozing, front-end 
loader operations with soil drop, and material transfer using trucks have been 
developed to estimate the fugitive dust emissions from construction activities
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(USEPA, 1985, USEPA, 1995). Cowherd et al. (1974) measured the total 
suspended particulate emissions near general construction projects (apartment 
and shopping center construction projects) and estimated the approximate 
emission factor for general construction activity as 2,690 kg/ha per a 30-day 
month of activity.
2.1.1 Construction activities requiring dust control
Fugitive dust emissions from construction activities contribute largely to the 
PMio non-attainment status of Clark County, Nevada. The Clark County 
Department of Air Quality Management (CCDAQM) provides detailed information 
regarding the list of construction activities that require dust control and also 
provides the Best Management Practices (BMP) for dust control which are site 
specific dust control measures based on the soil type, specific construction 
activities and the current phase of the activity (CCDAQM, 2003). Water 
application is recommended as the main dust control measure in most of the 
construction activities in the Best Management Practices. Table 2-1 summarizes 
the construction activities that require dust control with water application as the 
Best Management Practice in Clark County, Nevada.
Similar fugitive dust mitigation plans for construction activities have been 
developed for Maricopa County, Arizona. Maricopa County’s Fugitive Dust 
Control Rule 310 lists the mitigation measures to control PMIO emissions from 
Construction activities. Water application is listed as one way to control fugitive 
dust from active earth moving activities including grading, trenching and
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screening. Water application is recommended before, during, and after these 
activities for unpaved haul roads (MCES, 2004).
The Albuquerque / Bernalillo County air Quality control board also provides 
information regarding ‘Reasonably Available Control Measures (RACM)’ for 
fugitive dust control during active construction operations, in the ’fugitive dust 
control regulations’ section. Wet suppression / water application is listed as one 
of the RACM for unpaved roadways, transfer of materials using trucks, and active 
operations in construction areas. Water application is also mandated for activities 
such as demolition, concrete grinding and cutting etc. (AQCB, 2004)
The San Joaquin Valley Air Pollution Control District describes its fugitive dust 
control measures and rules for construction activities in Rule 8020 of regulation 
VIII of its regulations section. Control options for fugitive dust emissions from 
construction activities, including, excavation, extraction, demolition, and other 
earthmoving activities, include application of water. Water application is a stated 
option for fugitive dust control for haul roads, and material storage; transfer; and 
handling also (Valley Air District, 2004).
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Table 2-1 : Construction activities involving dust control with water application (CCDAQM, 2003).
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SL Construction activity
Description
Best M anagem ent Practice for Dust Control Involving W ater application*
# Nam e**
Pre-activity During activity Post-Activity
1 Back filling
Filling the area previously 
trenched
Apply water to maintain  
moisture/form crust
Apply water with dedicated  
water truck to maintain soil 
moisture
Apply water to stabilize/form  
crust
2 Blasting, Abrasive
Sand blasting and/or 
abrasive blasting
Apply water to stabilize surface 
for support equipment
Apply water to stabilize 
disturbed soil
3
Blasting , Soil and 
Rock
Explosive Blasting
Apply water to stabilize surface 
for support equipment, pre-soak 
surface soil with water
W ater to stabilize disturbed 
soil
4
Clearing and 
Grubbing
Cleaning for site 
preparation
Apply water to stabilize surface 
for support equipment
Apply water
Apply water to stabilize/form  
crust
5 Crustiing
Crushing of debris, rock 
and soil
Apply water to stabilize surface 
for support equipment
Apply water to remain in 
compliance with opacity 
standards
Apply w ater to stabilize/form  
crust
6 Cut and Fill For site grade preparation
Apply water to stabilize surface 
for support equipment, pre-water 
soil
apply water to depth of cut 
prior to subsequent cuts
W ater disturbed soil to form  
crust following fill and 
compaction
7 Démolition-Implosion
Implosive blasting 
demolition of structure
Apply water to stabilize surface 
for support equipment if the 
surface is not paved.
Apply water to debris 
im m ediately following blast.
Apply water to stabilize/form  
crust and prevent wind erosion
8
Demolition-
Mechanical/Manual
Demolition of walls, 
concrete etc.
Apply water to stabilize surface 
for support equipment
Apply water to debris during 
handling.
Apply water to stabilize  
surrounding area.
9
Importing/ Exporting 
soil, rock etc.
Also include BM P for truck 
loading activity
Stabilize materials with water 
during transport
BM Ps given are for Low/Moderate Low soils only. Others require water + surfactant/tackifier or dust suppressant application. 
* Only activities require dust suppression using water application are discussed.
CD■D
O
Q.
C
g
Q.
■D
CD
C/)
C/) Table 2-1: Construction activities involving dust control with water application (CCDAQM, 2003) (Continued...).
8
( O '
3.3"
CD
CD
T3
O
Q.
Ca
o3
T3
O
CD
Q.
T3
CD
(/)
(/)
SL Construction activity 
# N am e”
Best M anagem ent Practice for Dust Controi Involving W ate r application*
Description
Pre-activity During activity Post-Activity
10 Landscaping
11 Paving/Sub grade
12 Screening
13 Staging areas
Installation of sod 
decorative rock etc.
Apply water prior to earth moving 
activity.
Sub grade preparation for Pre-water surface for optimum  
paving streets etc moisture content
Apply water to the material to 
Screening of rock, soil etc. obtain at least 70%  of optimum
moisture content
Staging areas, 
m aterial/equipm ent storage
Maintain at least 70%  of 
optimum moisture content
Apply w ater to maintain  
sloping surface in crusted 
condition.
Stabilize adjacent disturbed 
soil by crusting with water.
Dedicate water truck or large Apply w ater to stabilize the 
hose to the operation material and screening area
Apply w ater to form adequate  
crust
Stockpiling of type II, rock Apply water to stabilize surface 
or debris etc.
14 Stockpiling
Unpaved routes and Construction related traffic
for support equipment
Maintain at least 70%  of 
optimum moisture content, 
Apply water during operations
Apply w ater to form adequate  
crust.
15
parking areas and parking areas
16 Trenching
Apply water to all haul roads, off roads and parking areas and maintain in a stabilized condition.
Apply water using dedicated
g and support
equipment trenching equipment windrow as it is  term ed.
BM Ps given are for Low/Moderate Low soils only. Others require water 4- surfactant/tackifier or dust suppressant application.
* Only activities require dust suppression using water application are discussed.
2.2 Water as a dust suppressant in construction sites 
The most common control method for fugitive dust in disturbed land such as 
construction sites is wetting the surfaces with water (AWMA, 2000, Alley, 1998). 
Comparing to the different types of control measures practiced, such as chemical 
stabilization, wind speed reduction etc, watering is the least expensive control 
measure for the control of dust (USEPA, 1995). Water is used in construction 
sites mainly to wet the surfaces to prevent the dust from getting airborne rather 
than suppressing the airborne particulates. Therefore the effectiveness is 
dependent on the spray flow rate and coverage rather than the nozzle pressure 
(Divers et al., 1990). Stationary water spray systems are used as a preventive 
measure to limit generation of dust in construction operations like rock crushing 
and material conveying (Gambatese and James 2001).
2.2.1 Advantages and disadvantages of water as a dust suppressant 
The following table (Table 2-2) briefly addresses the advantages and 
disadvantages associated with the use of water as a dust suppressant. It is 
evident from the table that although water is a rapid and inexpensive dust control 
solution, there are potential disadvantages associated with over application.
11
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Table 2-2: Advantages and disadvantages of water as a dust suppressant
Advantages Disadvantages
Temporary solution. Periodic 
reapplication is required 
depending on meteorological 
conditions and soil parameters. 
Simple design and application Not usable when the temperature
Least expensive control 
method
procedure falls below freezing (OSHA,2004)
Limited environmental impacts Leachate problems from material
stock piles (Cowherd et al, 1990) 
Control efficiencies as high as Excessive application could
86-95% could be achieved 
(Cowherd et al, 1990)
cause muddy conditions, runoff 
and dirt carryover (AWMA, 2000) 
Difficulty in wetting most of the 
surfaces due to high surface 
tension (OSHA, 2004)
2.2.2 Dust control Mechanism and effectiveness 
In suppression of airborne dust with water, dust containment is achieved 
through agglomerate formation of dust particles either with large aggregates or 
with water droplets (Cowherd et al., 1990). For preventive dust control, the soil 
surface is wetted with water droplets. Depending on soil composition, the wetted
12
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particles stay on the ground even after the water has evaporated due to the 
formation of aggregates and soil crusts (AWMA, 2000).
A water droplet size of approximately 0.5mm is considered optimal for 
airborne dust suppression (Cowherd et al. 1990, OSHA, 2004). Gambatese and 
James (2001) state:” Smaller droplets will only mix with the dust particles without 
wetting them. If the droplets are too large, the smaller dust particle generally just 
‘slip stream’ around the droplets without contact”.
A control efficiency of up to 95% has been reported using water as dust 
suppressant in unpaved roads. Dust control effectiveness depends on several 
factors: application rate, time between reapplication, degree of disturbance of the 
surface (traffic volume), and prevailing meteorological conditions during that 
period (Cowherd et al., 1990).
Surface moisture content is a major parameter in the dust control efficiency 
achieved in construction sites using water. Cowherd et al. (1990) found that a 
maximum PMio control efficiency of 95 % was achieved with the addition of water 
to increase the surface moisture content to five times that of the uncontrolled 
surface. Rosebury and Zimmer (1983, cited in AWMA, 2000) found that by 
increasing the surface moisture content to 2%, over 80 % reduction in PMIO 
emissions were achieved when compared to a control surface with a moisture 
content of 0.56%.
13
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2.2.3 Application rates and practices
The most common method of application of water on construction sites is by a 
water truck, equipped with a number of high flow rate (50 - 200 gpm) nozzles. 
Two low pressure rear nozzles produce a flat fan spray. Side nozzles produce a 
jet that can be directed at targets to the side of the truck. Rear nozzles can be 
directed up, down or to the sides to adjust the spray pattern. Flow control method 
usually depends on the engine speed rather than the vehicular speed. Flow 
regulation is, therefore difficult with the water wagons or water trucks (ERA,
1985).
The other important method is the water application via a stationary spray 
system where typically smaller capacity nozzles are used that are capable of 
producing finer sprays compared to that of the high flow rate nozzles on water 
trucks (Matta, 1976).
The application rate of water on a construction site (haulage roads, material 
stock piles etc) depends on the following factors: 1 ) Prevailing meteorological 
conditions such as humidity, temperature and wind, 2) Soil moisture and silt 
content, and the expected time between applications (ERA 1985, Cowherd et al, 
1990). Cowherd et al (1990) presented an empirical model for watering control 
effectiveness in unpaved roads considering the above-mentioned factors and the 
hourly evaporation rate.
The model is:
C = 100-0 .8*p*d*t/i (2-1)
Where
14
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c  = control efficiency, percent
p = Potential average hourly daytime evaporation rate, mm/h
d = Average hourly daytime traffic rate, h'^
t = Time between application, h
i = Application intensity, L/m^
0.8 = correction constant L-hr-%/mm-m^
EPA (1985) provided some guidelines regarding water application rates for 
dust suppression in unpaved roads in hazardous waste sites. An application rate 
of 0.125 gal/yd^ (0.566 L/m^), applied every 20-30 minutes (application depth of 
0.057 cm or 0.022 inches) is recommended for a dust control effectiveness of 
100% on unpaved roads. The expected control efficiency drops to 50% and 30% 
for application intervals of once per hour and once every two hours respectively 
(EPA, 1985). An application rate of 0.9 gal/ yd^ (4.074 t_/m^ ) on the active 
working area was tested for construction activities involving front end loaders and 
a dump truck (application depth of 0.41 cm or 0.16 inches). This rate yielded a 42 
% reduction in total suspended solids emission for loader traveling and scraping 
and a 79 % reduction for loader dumping the material (PEDCo, 1984b cited in 
EPA, 1985)
2.3 Water spray systems 
Much of the available literature about mobile wet suppression systems in 
construction consists of proprietary information from water truck and spray nozzle 
manufacturers. Their published materials generally are limited to product
15
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specifications such as flow rates and pressure losses of the spray nozzles. Spray 
characterization data pertaining to application efficiency and uniformity of these 
high capacity nozzles were not available in the scientific literature. However, the 
spray characterization of the smaller capacity nozzles used in the stationary 
water spray dust suppression systems, particularly in the mining industry and 
material handling processes is documented. Literature is available about the 
spray characteristics of high pressure fire suppression nozzles (Tanner and 
Knasiak, 2004). A considerable body of literature is available on droplet 
dynamics and patterns of agricultural sprays.
2.3.1 Stationary water spray systems
Gambatese and James (2001) developed and evaluated a prototype 
stationary water spray dust suppression system attached to earth moving 
equipment (dump truck) operated in a construction site. More than 80 % 
reduction in PMio emissions was achieved by using three hollow cone nozzles (1 
gpm flow at 40 psi pressure) strategically placed on each side of the dump truck 
body.
The US Department of Energy (1998) studied and developed a stationary 
water spray system for suppressing concrete dust produced by demolition 
equipment. The spray system was attached to an excavator with a demolition 
ram attached. Eight full cone sprays were used and the dust control efficiency 
and water use was compared to a baseline scenario of a manual spray from a 
hose reel. Water use was reduced 80 % compared to the baseline scenario for 
the same degree of dust control.
16
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The United States Federal Bureau of Mines investigated stationary water 
spray systems for dust suppression extensively in the mining industry. Matta, 
(1976) studied the suppression of dust emitted from continuous mining 
equipment using water sprays in an underground coal mine. The stationary water 
spray system consisted of full cone and hollow cone nozzles with less than 1 
gpm capacity. About 60% reduction in respirable dust was achieved by the dust 
suppression system.
Seibel (1976) evaluated the dust control efficiency of a stationary water spray 
system and compared it with foam spray located at a transfer point of a 
continuous coal feeder He concluded that strategically placed water sprays could 
achieve more or less the same control efficiency as the foam sprays.
Control of dust in a mine entry using fixed hollow cone nozzle water spray 
system was studied by Cheng and Courtney (1980). A high pressure and a low 
pressure spray system were tested. The low pressure water spray system 
consisted of 20 nozzles delivering a total of 17 gpm at 100 psig. Located at the 
top of mining machine boom, the system captured 55 % of the respirable dust 
(PM2.5) in the mine entry. The high pressure spray system (4 nozzles delivering 4 
gpm at 2500 psig) located at the bottom of the mining machine boom captured 
60 % of the respirable dust. The capture efficiency was found to be reduced 
when both the systems were operated simultaneously.
Particulate suppression in poultry houses using commercial misting nozzles 
was studied by Dando et al (2000) and control efficiencies of over 90 % were 
achieved.
17
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2.3.2 Mobile water spray systems (water trucks)
Truck mounted rear spray systems, used in construction sites for dust control 
in Clark County, are high flow rate (50-200 gpm) water spray nozzle systems 
working at moderate pressure drops (20-25 psig). The characterization of these 
spray systems and investigation of improvements in spray pattern to reduce 
water wastage and improve dust control effectiveness are one of the primary 
objectives of this research.
The only literature found on high flow, low pressure drop, non-atomizing 
nozzles was proprietary information from the water spray system manufacturers. 
The best information available was published by Mega Corp®, Albuquerque, NM. 
Information is available regarding water system specifications, spray control 
details, nozzle flow rate and coverage, nozzle angle and adjustability of Mega 
Corp s Magnum® spray nozzles fitted to most of the water pulls (articulated 
tractors) fabricated by Mega Corp® (Mega Corp., 2004). However, spray 
characterization parameters such as the droplet distribution data, pressure drop 
information, and nozzle constant were not available.
Spray adjustability information is available for another valve manufactured by 
Bertolini® (model # 71A-3). The nozzles are equipped with an adjustable collar, 
which allows the spray fan angle to be adjusted from zero to 180 degree and the 
spray type to be changed from a fine mist to a dense sheet (Bertolini®, 2004), 
through adjustment of nozzle slot width.
18
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2.3.3 Fog cannons 
These products are the latest developments in the airborne dust suppression 
systems (Martin® 2004). The fog cannon uses a high powered fan and water 
nozzles to produce an air/water mist of fine water droplets of size range from 70 
to 1 10 /vm which can travel distances up to 800 ft and cover an area of 
approximately one million sq. feet (when the cannon oscillates). This system is a 
good candidate for aggregate and mining industries control the airborne 
particulate in control.
2.4 Spray studies in Irrigation 
Extensive studies have been done in irrigation engineering regarding 
performance, spray distribution and uniformity of various types of irrigation 
nozzles (Faci et al., 2000, Hills and Barragan, 1998). The trajectories of water 
droplets, and droplet size distribution were also studied extensively for simulating 
the movement of water from different types of irrigation nozzles (Li and Kawano, 
1995, Thooyamani and Norum, 1989). Design information about nozzle spacing, 
and overlap is also available in the literature (NRCS, 2004, Tyson and Harrison, 
2004).
2.4.1 Spray trajectory studies 
The movement of water droplets in still air was investigated by Thooyamani 
and Norum, (1989). Horizontal and vertical equations of motion of the droplets 
(Assuming the drag force is proportional to the second power of the droplet 
velocity in turbulent flow regime) are presented both in dimensionless forms, and
19
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were used to obtain analytical solutions for both the horizontal and vertical 
velocities and displacements of a water droplet ejected from a nozzle. All 
equations were developed based on the terminal velocity condition of the 
droplets.
Li and Kawano (1995) studied the water drop movement from non circular 
sprinkler nozzles. A drag coefficient, different from that used for circular nozzles 
was developed for rectangular nozzles and the effect of different nozzle 
parameters (discharge coefficient, and operating pressure etc.) and droplet sizes 
on the drag coefficient was analyzed. The equations of motion of a single droplet 
traveling under no wind conditions (assuming the drag force is proportional to the 
square of the droplet velocity) involving the horizontal and vertical components of 
velocity and the nozzle height were used to develop the drag coefficient. Good 
correlations were obtained for spray travel distances between the model and the 
observed values.
2.4.2 Spray overlap in irrigation sprinkler nozzles
Irrigation sprinkler nozzles are designed to have definite amount of overlap 
due to their spray distribution patterns. Typical irrigation sprinkler spray pattern 
exhibits higher application rates in the center and a significant rate reduction 
towards the periphery of the wetted area (Tyson and Harrison, 2004). Typical 
water application profile of a sprinkler nozzle is provided in Figure (2-1).The 
profile is more or less the same for rotary sprinklers and center pivot sprinklers 
(Playan et al., 2004, Sourall et al., 2003 ). The amount of required overlap and 
hence, the sprinkler spacing, depends upon wind conditions, desired spray
20
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uniformity and the type of installation of the sprinklers (CSU, 1990, Tyson and 
Harrison, 2004).
Q.Q.
Distance x
Figure 2-1 : Typical spray distribution profile of sprinkler nozzles (based on 
descriptions in Sourall et al., 2003, and Playan et al., 2004)
Typically, a rectangular or a triangular field arrangement is used for sprinkler 
nozzles. The recommended sprinkler nozzle spacing 8  is given by the following 
relationship (NMSU, 1996).
S<KsDt (2-1)
Where
8 = lateral spacing between the nozzles 
Kg = constant (wind factor)
Dt= wetted diameter of the spray.
The typical recommended values for Kg depending on the wind conditions 
are: 0.55 for low winds (0-3 mph), 0.50 for moderate winds (4-7 mph), and 0.45 
for high winds (8-12 mph) (NM8 U, 1996).
21
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Koch (2002) studied the overlapping patterns of 8 different types of low 
pressure (10-40 psi) sprinkler nozzles, placed at 10-foot spacing on a center 
pivot. The Christainsens Uniformity Coefficients of the resulting overlapping 
patterns ranged from as low as 0.71 to high values of 0.97 showing the 
importance of nozzle spacing and other nozzle parameters in the distribution 
uniformity. Uniformities ranging from 0.895 to 0.946 were reported for different 
types of spray irrigation nozzles (Hills and Barragan, 1998). A CU value of 0.918 
was reported for a fixed plate rotary spray sprinkler by Sourall et al., (2003) 
(recorded from Chapter 3).
22
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CHAPTER 3
THEORETICAL CONSIDERATIONS 
In this section, relevant theory regarding water sprays is discussed and some 
of the important parameters in modeling the spray from trucks were explained. 
Typical water spray system of a water truck is discussed and a system curve is 
provided later in this chapter. Equations modeling spray patterns were developed 
by the author’s advisor (James, 2004).
3.1 Nominal application depth 
Nominal application depth is the average depth of applied water over the 
entire spray area per unit time.
Nominal depth D = — 3.1
A
Where,
0  = Water flow rate from nozzles 
A = the spray coverage area in one second = u * W 
u = the linear velocity of the truck in , where,
L is the distance traveled (field length) by the truck in t seconds 
W is the measured spray width (Figure 3-1).
23
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It could be noticed from Figure 3-1 that if the nominal application depth is 
equal to x for the spray area (shaded light gray) then the expected application 
depth would be 2x in the middle overlap region (shaded dark gray) with no spray 
collision and more than 2x with spray collision.
Top View
Water
Truck
Side view
Spray
FootprintWater
Truck
Figure 3-1 : Side view of the truck showing the spray footprint
3.2 Surface application rate 
The term ‘surface application rate’ used here as the rate at which water is 
applied to the ground from a moving truck at a particular point. The duration of 
application ‘tappi’, on that particular point is equal to the spray foot print length (‘F’ 
in Figure 3-1) divided by the linear velocity of the truck.
FThat is, tgppi = - (3-2)
24
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Where
tappi = Duration of water application on a particular point, seconds
F = Spray foot print length, meters
Then, the surface application rate Uppi is given by
I =_Ë_
appi 1
appi
Substituting (3.1) and (3.2) in (3.3), we get
(3-3)
d _ % W  _ Q (3.4)
t,„„, F / WF
"PP' /u
The spray foot print length F is assumed to be formed by the following 
reasons: 1) size distribution of the droplets: some droplets are affected by drag 
force more than others, 2) wake effects, and 3) differences in nozzle discharge 
angle and discharge height (James, 2004).
3.2.1 Runoff condition 
If the surface application rate is higher than the surface infiltration rate, 
surface runoff will occur if the surface is not flat (as in most cases) and will result 
in ponding if the application surface is flat.
3.3 Coefficient of uniformity 
Christiansen’s Coefficient of Uniformity (CU) is used in irrigation engineering 
as a measure of the distribution uniformity of water sprays in an irrigation system. 
The typical spray collection system used to evaluate the CU values for irrigation 
system consists of a nine foot long, 9 foot wide plot with two sprinklers in the 
corners of one side and a third one on the middle of the opposite side. Cups are
25
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placed at a distance of 25 cm from each other (Scholtes, 2001). The relevant 
standard equations as stated by (Zoldoske, and Solomon, 1988) are:
CU = 1 - ^  (3-5)
M = - X X ,  (3-6)
n j=i
D = lg |X ; - M |  (3-7)
n i=i
Where
Xj = Individual applied water depth values in the collection grid
M = Mean of the applied water depths in the spray area.
D = Average of individual deviations (absolute value) from M,
n = Number of individual sample or collection points in the entire
spray area.
The CU value can vary from less than zero (if D > M) to one (if D = 0) with 
one being the highest uniformity achievable. A CU value of 0.85 and higher is 
considered as a good uniformity for spray irrigation systems (Scholtes, 2001). 
Uniformities ranging from 0.895 to 0.946 were reported for different types of 
spray irrigation nozzles (Hills and Barragan, 1998). A CU value of 0.918 was 
reported for a fixed plate rotary spray sprinkler by Sourall et al., (2003). An 
example showing the calculation of coefficient of uniformity when applied to a 
moving truck spray collection experiment is shown Table 3.1.
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Table 3-1 : Data used from a moving water truck spray collection test to show Coefficient of Uniformity calculation (Taken 
from run #1 of spray characterization tests conducted on 08/20/2003 at 7512 West Charleston Blvd., Las Vegas
Collection 
Gup # in 
row 1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Average
value
Applied 
water 
depth, cm 0.09 0.09 0.07 0.09 0.14 0.16 0.69 0.61 0.57 0.31 0.41 0.30 0.33 0.03 0.18 0.13 0.21 0.21 0.20 0.21 0.13 0.25
Absolute 
deviation 
from mean 0.16 0.16 0.17 0.15 0.11 0.08 0.45 0.37 0.32 0.06 0.16 0.05 0.09 0.21 0.07 0.12 0.04 0.03 0.05 0.04 0.11 0.14
•'vl
CD
Q .
■D
CD
C/)
C/)
In Table 3-1, the average depth value M = 0.25 cm and the average absolute 
deviation D = 0.14
Therefore, the coefficient of uniformity (CU) =1-D/M =1- 0.14/0.25 = 0.417
3.4 Spray modeling 
The major parameters involved in spray modeling of both a single spray and 
two rear sprays combined of a water truck are discussed in this section. The 
following spray parameters are involved in the modeling of a typical single rear 
spray of a water truck: 1) Nozzle angle from the vertical, 2) Nozzle exit velocity,
3) Nozzle location (height) from the ground, 4) Nozzle fan angle. In addition to 
these, 5) nozzle orientation angle, and 6 ) the distance between the two nozzles 
are also involved in the modeling of paired nozzles. The definitions and the 
notations used for the parameters are given below (Figures 3-2, 3-3, and 3-4)
• Nozzle exit velocity (v): The velocity with which water leaves the nozzle 
Obtained dividing the nozzle flow rate (0) by the effective nozzle area.
o Vx and Vz: The horizontal and vertical components of nozzle exit 
velocity v.
• Nozzle angle from the vertical (O): Depending on the deflection of the 
nozzle this could be zero (horizontal), positive (deflected upward) or 
negative (deflected downward).
• Nozzle height from the ground (z): The greater the height, the longer 
the time for spray travel before reaching the ground.
• Nozzle fan angle (0): This is the included angle of the spray.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Nozzle orientation angle (a):.This is the angle between the nozzle 
centerline and the trucks long axis.
Nozzle separation distance (ysep): This is the distance between the 
nozzle centerlines in the case of two rear nozzles.
Distance traveled by the spray (x): This is the horizontal distance 
traveled by the spray before hitting the ground.
Time taken for the spray to reach the ground (thit):
Zero is the subscript used for the values at time 0.
TOP VIEW
SPRAY PATH
Z r is e
SIDE VIEW
Figure 3-2: Description of spray parameters
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3.4.1 Distance traveled by the spray.
The effect of air resistance is neglected for all the cases discussed in this 
section. However, the air resistance is not negligible in the case of smaller 
droplets and will be addressed in detail in section 3.5.
3.4.1.1 When O =0 (horizontal nozzle)
The spray travels a vertical distance of -z in time tpit.
That is,
gt-  z = , Therefore, t^ j, = J —  (3-8)
Where, g is the acceleration due to gravity. Since O = 0, Vx= v in this case. The 
horizontal distance traveled (x) by the spray in time thit is equal to
|2z
X =  V X  t^ j, =  V X  J —  (3-9)
3.4.1.2 When O =positive (nozzle deflected upward).
Here, the total vertical distance traveled by the spray could be broken into 
distance traveled upward (Zhse) and traveled downward (z,aii) before hitting the 
ground and thse and tfaii respectively are the corresponding time duration.
The vertical and horizontal components of the nozzle exit velocity at time t = 0 
are given by
Vx(o) = V(o) cos 0 ,
Vz(o) = V(o) sin 0  respectively.
The upward travel time thse of the spray is given by
“  ^ z (O )  “ Q T ls e . ( 3 ‘ 1 0 )
Since the final vertical velocity at maximum height is zero, v% = 0.
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Therefore,
Vz(0) v^sin#,
T is e  =---------- ^ -----   (3-11)
9 9
^rise
Also, = j  V;dt
0
-  f(Vz(o) -9t)dt
= w £ " - ^ t
= '/zcofise '  substituting^^^ for bee and-- ° ’^''^*^forvz(o) from
Equation 3-11, we get,
,  . . < 0 )  v ,^„, v ,^„, (V,„,sin(|>f
Also,
-  Z fa i i  =  - Z r i s e  “  ^ • On rearranging we get.
(3-13)
|(V(0) S in 4))" ^
9'
The total time of spray travel (thit) is, therefore.
^h it ^ r lse  ^ fa ll
, _v,o)Sin4) |(V(o)Sin(l))" 2z
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Horizontal distance traveled by the spray in time thu is given by:
X = V z (U  + t , J  = v , ,c o s ,  (3-14,
3.4.1.3 When 0  = negative (nozzle deflected downward)
The vertical component of the nozzle velocity is in the opposite direction in this 
case. The vertical nozzle velocity at any time t is given by
Vz(.) = Vz(o) -  gt = sinO -  gt (3-15)
Also,
t
-  z =
0
hit mit
jv z ( , )d t  =  j ( V ( o ) S i n ( t ) - g t ) d t
iQ 2 -'O
gtf
- z  = ( v , o ) S i n ( l ) ) t , i , (3-16) 
By solving the above quadratic equation, thit could be evaluated and is given by:
. V(o)Sin0 (V(o) sin4)) 2z
The distance traveled by the spray is given by:
X = V,(thJ = (V(o) COS(|))th„ (3-18)
Substituting Equation (3-17) in (3-18), we get:
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X = V(0, COS#
V(o, sin(t)
■ +
(V(o)Sin0f  2z..
(3-19)
Since the height of the nozzle z and acceleration due to gravity is usually fixed, 
the spray travel distance depends on v and orientation angle cp, v further 
depends on the flow rate and the nozzle area.
3.4.2 Spray overlap conditions
3.4.2.1 When nozzle orientation angle is zero 
Spray overlap conditions occur when two rear sprays are operated together. 
The nozzle separation distance (ysep), distance traveled by the spray (x), and the 
spray fan angle (0), and the orientation angle (a) are the major parameters 
associated with spray overlap. Figure 3-3 shows the two rear spray overlap 
conditions when the spray fan angle is 0 and the orientation angle is zero
WATER
TRUCK
0/2 \  0/2
SPfiAY^
O ViiRLAP
Figure 3-3: Spray overlap conditions with two rear water truck sprays (orientation 
angle = 0 )
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From the geometry of the figure it could be noticed that for two sprays with a 
spray separation distance ysep and a fan angle 0 , there exists an overlap distance 
(length MV). Overlap occurs when the length OC is grater than the overlap 
distance, MV.
But, length OC = xcos^and considering triangle OMV,
t a n ® - ^ - ^2 MV MV > Therefore,
Y /2
M V  = (3-20)
ta n -
2
Therefore, the overlap condition is when:
OC > MV
X C 0 s i> 2 î2 L Æ . (3-21)
2 tan i
2
For the case of a horizontal spray nozzle, the spray travel distance x is given by:
x = vx  l ^  = — (3-22)
V g a V g
Substituting for x in equation 3-21 we get the spray overlap condition as:
-  I ^ c o s -  > (3-23)
9 2 tan()
2
Rearranging:
- s i n -  > (3-24)
A 2 2 V2z
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
From Equation 3-24, it is clear that for a given ysep and z the spray overlap 
could be minimized by varying the nozzle flow rate Q, nozzle area A or nozzle 
fan angle 0. Usually Q is fixed as a practical matter and therefore The actual 
variables in controlling the overlap are A and 0.
S.4.2.2 When nozzle orientation angle is a 
Here spray nozzles are oriented at an angle a from the nozzle centerline 
parallel to the trucks long axis (Figure 3-4). Even though the nozzle fan angle is 
higher than that of Figure 3-2, the part of the spray which causes spray overlap 
remains the same. Or in other words, the spray angle involved in spray overlap is 
reduced from 0/2 to 0/2-a. Therefore, the spray overlap condition (Equation.3-23) 
could be rewritten as
Rearranging:
^ s in ( | - a )  > ^  (3-26)
From Figure 3-4, it is clear that orienting the nozzle outward would enable the 
use of a nozzle with a higher fan angle and hence a higher spray coverage than 
a centrally oriented, smaller nozzle for a given amount of overlap 
If the left-hand side parameters in Equation 3-26 are chosen so as to increase 
the overlap in Figure 3-4, it is predicted that the Coefficient of Uniformity would
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decrease -  because the doubled application in the overlap zone would increase 
the average deviation D from the mean M in Equation 3-5.
WATER
TRUCK
X ---------
Figure 3-4; Spray overlap conditions with two rear water truck sprays (orientation 
angle = a)
3.4.2.3 Comparison of overlap conditions to 
that of sprinkler nozzles 
The typical spray distribution pattern of a sprinkler is different from that of a 
water truck spray. The applied water depth of an irrigation spray system reduces 
towards the circumference of the wetted area (Tyson and Harrison, 2004). 
Whereas in the case of a water truck the majority of water applied is in a spray 
band (called the foot print) along the circumference of the spray arc (Figure 3-5).
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Therefore, the goal in sprinkler irrigation is to guarantee sufficient overlap in 
between sprays to obtain a higher uniformity and sufficient depth of application, 
even in windy conditions. In contrast, the overlap of the water truck spray inside 
the spray foot print should be minimized so that water is not over applied for dust 
control. This could be understood from comparing Figure 2-1 with Figure 3-5.
c
Q.Q.<
Distance, x
Figure 3-5: Spray distribution profile of typical water truck spray nozzle, 
schematic based on data from Chapter 5.
From Equation 2-1, the overlap condition or spacing of the sprinkler nozzles is 
given by S < Kg D| and could be rewritten as
Ysep < Kg 2 R, (3-27)
Where Rt is the radius of the spray arc and spacing S is same as the nozzle 
separation distance Yg@p used in this chapter.
Y.
Or, Rt > ' sep (3-28)
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Overlap condition of tfie water truck spray is given by Equation 3-25 as:
,e  , / 2
xcos(—  a) =
^ tan( — -  a  )
2
Where x is the spray arc radius (same as Rt in the sprinkler spacing expression) 
Upon rearranging the above expression and using Rt in place of x, we get:
R . =  n (3-29)
2 sin -  
2
We see that sin 6/2 for truck nozzles serves the same function as Kg for 
irrigation nozzles. Generally for water truck with a given Yg@p and Rt, one chooses 
0 so that the overlap condition is just met. In contrast, for fixed spray sprinklers, 
one chooses a low Ygep so that the overlap condition is exceeded for a given Rt 
and Kg.
3.5 Air resistance on spray droplets
3.5.1 Actual vertical spray travel time considering
air resistance
We know that the actual time taken by the droplets to hit the ground is higher 
than the time estimated in the previous section, which held true if the droplets 
falls through vacuum. In this section, the actual fall time of different spray 
droplets from the nozzle height (z) is evaluated taking the air resistance into 
consideration.
As the spray droplets falls from a fixed height. First it flows through Stokesian 
flow regime (Reynolds number. Re < 2), followed by a transitional flow regime (2
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< Re < 500) and finally reaches the turbulent flow regime before either hitting the 
ground or reaches the terminal velocity (James, 2004). Therefore, the total fall 
time in the z direction is the sum of the individual times the droplet traveled 
through each of the different flow regimes. The relevant equations (Cooper and 
Alley, 2002) for evaluating the fall times and velocities of the individual flow 
regimes are presented in the next three subsections. In the development that 
follows, droplets are assumed to be discrete; non-interacting; hard spheres.
3.5.1.1 Stoke s flow regime 
This is the initial segment of fall when the Reynolds number is less than or 
equal to two and the flow follows Stoke’s law.
Let
dp = water particle diameter, m
P p  = density of the particle, kg/m3
P f  = density of the fluid (air), kg/m3
/yp = fluid viscosity, kg/m-s
Ap= projected area of the particle, (m^) = ndp /4
Vp = volume of the particle, in m^ = Tid^  / 6  
Vz= vertical velocity of the particle, m/sec 
Re = Reynolds number = PpdpV  ^/pp 
Fd = drag force, N
Fe = external force on the particle, N 
mp = mass of the particle in Kg =Pp7idp / 6  
The net force on a freely falling particle is given by
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^ Fe -Fo (3-30)
Where Fd is the drag force acting on the body and is given by the Stokes law as 
(valid in the Stokesian Regime):
Fp=37ippV^ (3-31)
And, for a freely falling particle with density much grater than air, Fe « mpg, the 
gravitational force.
Substituting for Fp, Fe mp and Vp in Equation (3-30) and simplifying, we get the 
equation of motion as:
^  + —  = 9 (3-32)dt r
Where g is the gravitational constant andx' is a constant equal to:
(3-33)
18p
Integrating Equation 3-31 :
J - ^  = 1 *  (3-34)
9 - f
The solution to Equation 3-33 with Vz =0 at t = 0 is given by:
Vz =gx 1 -  exp (3-35)
The time a particle spent in the Stokesian regime t(Re2 (time to reach Re = 2 )  
could be evaluated by solving the above expression for a velocity corresponding 
to R e = 2
4 0
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The distance traveled by a particle (Z(Re2)) in time t(Re2) estimated by 
integrating Equation (3-35) over the time period t(Rs2) and the following 
expression is obtained:
ZRe2 = g'c'tpea + exp(—^ )  -  g f :  (3-36)T
3.5.1.2 Transitional flow regime 
Transitional flow regime is that segment of the travel when the Reynolds 
number is between 2 and 500.
The net force on the particle is again given by: 
dv
= Fe -  Fd (3-37)
Substituting for mp, Fe and Fd:
P p V p '^^ '^p g ^C p A p p p -^  (3-38)
Where Cd is the drag coefficient for the transitional flow and is given as
(3-39)
Substituting for Cd, Re, Ap, and Vp in Equation (3-37) and simplifying will provide: 
dv.
dt
= g -K v ;^  (3-40)
Where K is a constant and is given by:
Ppdp
0.6 0.4
K = 13.875^^ (3-41)
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Rearranging and integrating Equation (3-40) would enable the evaluation of time 
t taken for a spray particle to reach a vertical velocity Vz in the transitional flow 
regime
The solution to the above integral is:
Where
1 1 Kv^^gF/— ,1,1 + — , J  ) is a hypergeometric function of the
1 1 Kv^^form2F,(a,b,c,z) with — ,1,1 + — ,— — as arguments. gF/a,b,c,z) could be
1.4 1.4 g
expanded as a geometric series shown below (Wolfram research, 2004): 
2Fi(a,b,c,z) = ^ (a )J b ), /(c)kZVk!
k=0
After applying initial conditions of Vz = Vz(Re2) at t =0 (when Re = 2,start of 
transition zone),to evaluate the constant of integration, an expression the 
following form is obtained:
^  + C v r  + D v f  = t  + ^  + Cvl,;„, +Dv“ .„  (3-43)
Where, C and D are constants.
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3.5.1.3 Turbulent regime 
The turbulent regime starts when the falling particle reaches a Reynolds 
number of 500. The drag coefficient corresponding to the turbulent region is 0.44.
mp ^  = F, -  F„ (3-44)
That is,
dv v^P p V p -^  = m p g - 0 . 4 4 A p P p (3-45)
Substituting for Ap and Vp and simplifying would yield
^  = (3-46)
Where, g is the acceleration due to gravity, A is a constant and is given as:
A = 0 . 3 3 - ^  (3-47)
Ppdp
Equation (3-43) could be integrated as shown below to get the time t taken to 
reach a vertical velocity Vz in the turbulent regime
= (3-48)
The solution to the above integral is
 ^ tanh XVzJ— ) = t + const. (3-49)
VgA 1  9
After applying initial conditions of Vz = Vz(o> = Vz(Re5oo) at t =0 (when Re = 500,start 
of transition zone),to evaluate the constant of integration, an expression the 
following form is obtained:
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(3-50)
By numerically integrating the velocity and time segments of each flow 
regime, the distance traveled in each segment and thereby the time taken to fall 
a known distance (here, the height of typical truck nozzle, z) can be evaluated. A
0.1 m/s velocity increment was used for the numerical integration process.
The actual fall times of water droplets with different sizes, from a height of
1.37 m along with the vacuum fall time from a known height corresponding to a 
typical water truck nozzle height (nozzle height = 1.37 m) are given in Figure 3-6. 
The velocities when the same droplets hit the ground are given in Figure 3-7. 
Detailed tables showing the calculations are presented in Appendix B.
Particle Fall Time From a Known Height
0.9 
^  0.85
CO 0 . 8
0 0.75
S
1 0-7
I  0-65
•2 0.6 B
I  0.55
0.5
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
-Vacuum 
- Actual
Particle Diameter, m
Figure 3-6: Comparison of fall time of spherical water spray droplets with that 
of falling through vacuum from a height of 1.37 m
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Fall Velocities of water particles
6.00
5.00 -
S | actual
”  M 3.00 vacuum
0.00 4
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Particle Diameter, m
Figure 3-7: Comparison of impact velocities of spray droplets witfi that of falling 
through vacuum from a height of 1.37 m (4 ft)
It can be seen from Figure 3-6 that droplets larger than 0.005m (5 mm) 
behave as if in a vacuum.
3.5.2 Effect of air resistance in horizontal spray velocity 
The stop distance of a spherical particle moving in a fluid is the distance 
traveled by it before it comes to rest when the only force acting on the particle is 
the drag force. In this section, the deceleration of different spray droplets, 
projected at an initial velocity into air, are evaluated for different flow regimes. 
This would enable us to estimate the reduction in horizontal velocity when the 
particle hits the ground and thereby calculate the actual distance traveled by the 
spray droplets.
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3.5.2.1 Flow in Stoke’s regime 
As mentioned above, the only force acting on the particle is the drag force 
The net force acting on the system is obtained by making Fe =0 in Equation (3- 
45) and is given by:
mp ^  = -Fo (3-51)
Where Vr is the relative velocity of the spray
Substituting for Fd from Equation (3-25), and mp from the previous section we 
get:
Pp^ cl® dv
= (3-52)
Simplifying: 
dt dv,
T V ,
(3-53)
Where t ’ is a constant defined earlier (Equation 3-31) 
Integrating,
1 7  = 1 ^
Applying boundary conditions as whent = 0,v, = v,_,, we get:
-t
Vr=v„o,e^' (3-55)
3.5.2.2 Flow in transitional regime 
As we discussed droplets are in this flow regime when 2 < Re < 500. The 
force on the particle is given by:
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= (3-56)
i.e.,
P p V . ^  = - C „ A , p , : i  (3-57)
Substituting for Cd (Equation 3-39), Rg, Ap and Vp in Equation (3-58) and 
simplifying will produce:
-4 rd t  = v- '"dv, (3-58)
Where — = 13.5 f  " (3-59)
T"
Integrating Equation (3-58) and applying boundary conditions as 
whent = 0,v, = , we get:
-I
 1 = ------:—  (3-60)
x" 0.4
The above equation would enable us to estimate the velocity of certain droplets 
at time t= thit (time when the droplets hits the ground, which is obtained from the 
vertical travel time of the particle from the previous section).
3.5.2.3 Horizontal velocity in turbulent regime
P p V p ^  = -0 .4 4 A „p ,:^  (3-61)
Upon substituting and simplifying, we get the following expression:
= ^  (3-62)
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Where
—  = 0 . 3 3 - ^  (3-63
dpPp
Integrating Equation 3-62and applying boundary conditions as 
whent = 0,v, = we get:
 1 = --------------  (3-64
Equation (3-64 is valid until droplets reach Re = 500. The deceleration time could 
be evaluated by setting v r(t> = 0
The actual horizontal velocity of the water droplets were obtained by 
substituting the actual vertical travel time of these droplets from a known height 
(the height of the spray nozzle) in the above equations. The detailed calculations 
are shown in Appendix C. The horizontal impact velocity of some water droplets 
considering the actual vertical travel time as well as the vertical travel time in 
vacuum is shown in Figure 3-B.The initial velocity of all the droplets were lOm/s.
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Effect of Air Resistance on Spray Velocity
8
g
2
Q.
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o
X
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10
8
6
4
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-no 
vertical 
drag 
- vertical 
drag
-no
drag
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
Particle diameter, m
Figure 3-8: Actual horizontal impact velocity of spray droplets compared with 
velocity when the droplets travel through vacuum (no drag force) from a height of
1.37 m.
From Figure 3-6 and Figure 3-7 it could be concluded that spray droplets 
greater than or equal to a diameter of 5mm approach the travel time and vertical 
velocity of that of a particle traveling through vacuum and hence the drag force 
acting on them could be neglected. Also it could be deduced from Figure 3-8 that 
the vertical drag has minimal effect on the horizontal impact velocities of droplets 
of sizes above 5 mm.
For drop diameters greater than 5 mm, falling from a standard water truck 
nozzle height (1.37m), simple particulate trajectory calculations neglecting air 
resistance can be used to estimate spray patterns.
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3.6 Typical water truck spray system 
In this section, the different components of a typical water truck water spray 
system are discussed and a system curve along with the water pump 
performance curve is presented.
3.6.1 Components 
The water spray system in most of the water trucks consists of the following 
components
• Water tank: Available in different capacities such as 1,500 gallon to
4,000 gallons for regular water trucks to 5,000 gallon to 20,000 gallon 
capacity for water pulls
• Water pump: Most of the smaller capacity trucks are equipped with a 
centrifugal pump with an average ten-inch impeller for spraying 
purposes. A typical water pump observed in most of these trucks is a 
frame mount centrifugal pump (Berkeley® make, model ‘83 ZRM’ or 
‘82.5 ZRM’). (Figure 3-8).
• Water pump drive: Two major drive types are found in most of the water 
trucks: 1) PTO (power take off) from the engine via a gear box and a 
shaft, 2) Hydraulic motor drive, where the pump is driven by a hydraulic 
motor which in turn gets its power from a hydraulic system powered by 
the engine.
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Figure 3-9: Typical water pump of a 4000 gallon water truck.
• Piping: Most of the smaller capacity water trucks (up to 5,000 gallon) has 
a three and a half to four inch suction piping and a two and a half to 
three inch discharge piping The suction piping is generally one to 1.5 
meter long where as the discharge piping usually is three to four meter 
long (to the rear nozzles).
• Valves and fittings: The sprays in most of the water trucks are operated 
by a remote controlled valve with on/off control located right before each 
nozzle in the discharge pipe line. Compressed air is used to operate the 
valves from the operator’s cabin. In addition to these, most of the 
systems have a butterfly valve in the suction side Threaded pipe fittings 
or grooved fittings with couplings are the main type of fittings found in 
the water trucks.
• Nozzles: the nozzles could be classified into two major categories: 1) 
simple nozzles with separate valves, 2) nozzle actuator (spray head-
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
valve) combinations. The Fiat plate fan spray nozzles, which are 
essentially a deflector plate placed on an open pipe end, are the most 
common type of simple nozzles found in water trucks. The slotted pipe 
cap nozzles also belong to the first category where as many of the 
patented valves from manufacturers such as Valew ®, Bertolini ®, and 
Mega Corp ® belong to the second category. The nozzles are discussed 
in details in Chapter 5.
3.6.2 Development of system curve
A water spray system curve was developed for a water truck which was used 
for testing the spray distributions of the various valve types and their design 
modifications .Two rear spray flat fan nozzles with a 3/4” wide, and 4” long slot, 
along with other fittings, were considered in developing the system curve. The 
system curve was combined with the performance curves at different speeds of 
the most common centrifugal pump observed (Manufacturer: Berkeley®, model 
‘B3 ZRM’) to define the operating point of the system. The system included two 
remote control valves (Manufacturer: Cla-Val®, model # 7100).just before the 
spray nozzles.
The frictional head loss, due to the pipe run and the minor losses from various 
valves and fittings of a typical 4,000 gallon water truck was calculated as follows 
for developing the system curve.
L^t ~ L^s + ^ Lm (3-56)
Where, hus = Sum of straight pipe run losses 
hum = Sum of minor losses
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m(3-68)
j= i  ^ 9
In Equation (3-57), U and D, are the length and diameter of straight pipe segment 
i respectively and fj is the friction factor for that segment. Kj in Equation (3-58) 
represents the loss coefficient of component j.
Various loss coefficients for the typical components were obtained from 
standard hydraulic engineering literature. The loss coefficient for the remote 
controlled valve was evaluated using the coefficient of velocity value (Cv) 
obtained from the product specification literature of the manufacturer. Cv is 
defined as equal to the ratio of the flow in gpm to the square root of the pressure 
drop in psi. The Cv value for a three inch remote controlled valve is 106. 
Therefore, for a flow rate of 200 gpm through the valve, the pressure loss is 3.5 
psi. Converting the flow rate into velocity (meters/second) and the pressure loss 
to meters of water, the loss coefficient K of the valve is evaluated as 6.99.
A detailed table showing the different losses and the total dynamic system 
head at a flow rate of 450 Gpm is presented in Table 3-2. Different flow rates 
were assumed and the resulting head losses were calculated. By repeating the 
calculations in Table 3-2 for other flow rates. Table 3-3 is obtained.
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Table 3-2: Various frictional losses and total dynamic head at a flow of 400 Gpm for the water spray system of a 1500 
gallon water truck with two flat plate fan rear
Ul
Head loss due
to Friction,
Flow Rate, Head Loss No of Fittings / meters of
Location Description Gpm Velocity, m/s Coefficient, K Length of Pipe water Total References
Suction Pipe run: 4" Nominal Diameter 400.00 3.07 1 meter 0.10 Simon, 1997
Suction Close Return Bend, 4" 400.00 3.07 2.20 1 1.06 McGhee, 1991
Suction Butter fly Valve , 4" 400.00 3.07 1.20 1 0.58 McGhee, 1992
Suction 90 Degree Elbow: standard, 4" 400.00 3.07 0.50 1 0.24 Simon, 1997
Suction Entrance loss 400.00 3.07 0.50 0.24
2.22
Simon, 1997
Discharge 
(before Tee) Pipe run: 3" 400.00 5.29 3 meters 1.00 Simon, 1997
Discharge 
(before Tee)
90 Degree Elbow: 
standard, 3" 400.00 5.29 0.50 3 2.14 Simon, 1998
Junction Tee: Standard, 3" 400.00 5.29 1.60 1 2.28
5.42
Simon, 1999
Discharge Remote controlled valve:
(Branch after the 3" (Cla-Vali® 200.00 2.65 6.99 2 4.99 Cla -Vai, 2004
Tee) make,Model # 7100)
Discharge 
(Branch after the 
Tee)
90 Degree Elbow: 
standard, 3" 200.00 2.65 0.50 2 0.36 Simon, 1997
Discharge 
(Branch after the 
Tee)
Exit loss: Nozzle, 6" 
byO.5" 200.00 2.65 6.00 2 4.28
Total Head 
loss, m
9.63
17.27
Simon, 1997
Table 3-3: Typical water truck losses at different flow rates
Flow
Q,
Gpm
Straight run 
losses,
L^s,
meters of water
Minor Losses,
L^s,
meters of water
Total Loss, 
hu,
meters of water
50 0.02 0.25 0.27
100 0.08 1.01 1.09
150 0.17 2.27 2.44
200 0.29 4.04 4.33
250 0.44 6.31 6.75
300 0.63 9.09 9.72
350 0.85 12.37 13.22
400 1.10 16.16 17.26
450 1.38 20.45 21.82
500 1.69 25.25 26.95
550 2.04 30.56 32.60
600 2.42 36.36 38.79
650 2.83 42.68 45.51
700 3.28 49.46 52.74
750 3.76 56.82 60.57
In Figure 3-9, hu vs. Q are plotted as the system curve. Intersections of pump 
curves with the system curve define the operating point. The tests conducted at 
1,800 rpm of the water pump (PTO shaft speed = truck engine speed = 1800 rpm 
since the transmission ratio of the drive to the engine was 1:1) showed a flow 
rate of 487 gpm which was in good correlation with the operating point shown in 
the curves (465 gpm).
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PERFORMANCE CHART FOR B3 ZRM PUMP WITH TYPICAL WATER TRUCK SYSTEM
CURVE
225
200
system
curve175
OPER/VriNG POINT 1600 rpm
150
1400 rpm® 125LL
— 1800 rpmS
2000 rpm
50
2200 rpm
25
100 150 200 250 300 350 400 450 500 550 600 650 700 750 80050
Flow, Gpm
Figure 3-10: Water truck system curve combined with pump curve to show the 
operating point.
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CHAPTER 4
EXPERIMENTAL PROCEDURE 
Two field methods were developed to characterize the spray pattern from 
different types of water trucks. The spray characterization data could be used for 
evaluating the current spray uniformity and water use efficiency of water truck 
nozzles and to investigate the improvements from simple design modifications.
The first method, called the ‘trench method’ simulates construction site 
conditions. It consists of eleven 100-foot long, 0.50 foot deep x 0.50 foot wide 
trenches, spaced at 10-foot intervals. Boards are placed over the trenches with 
cutouts for fared disposable plastic beakers. Spray is caught in the beakers as 
trucks drive over the trenches at a constant linear speed and water pump rpm. 
Applied water depth was calculated from measurements of net water mass. The 
objective of the first method is to simulate the actual site conditions and to 
compare the application rate with the nominal rate
The second method is called ‘portable gutter method’, in which the spray from 
a stationary truck was collected by catch cups arranged in modified gutter 
sections. Applied water volume is measured after a specified run period. The 
objective of the second method is to provide a field portable technique that would 
allow for rapid feedback on spray uniformity and water use efficiency.
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4.1 Trench method
4.1.1 Development of test facility 
The test facility was developed at 7512 West Charleston Blvd.; Las Vegas, 
owned by the Las Vegas Valley Water District (LVVWD). The site has used for 
several field experiments by UNLV engineering department
For evaluating the spatial spray distribution; spray efficiency and uniformity, it 
was decided to perform actual water collection experiment using catch cups 
placed in trenches made on the ground. A uniform plot of 150-foot long, 150-foot 
wide was selected for development into the test facility. The site as well as its 
approach road for the trucks was cleared of vegetation, cobbles and boulders etc 
to create a uniform plot. A 100-foot long, 100-wide area was selected inside the 
above plot for actual spray collection. Eleven trenches (approximately ten inch 
wide and seven inch deep) were made using a garden trencher at a spacing of 
ten feet apart from each other in the plot to place the cups for collecting water 
from the moving water trucks. Details of the plot are shown in Figure 4-1.
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10ft
100ft
Trenches
Truck travel direction
Figure 4-1 : Details of test plot for the trench method.
4.1.2 Equipment
Sand and gravel pads were poured in the trenches at locations where tire 
tracks were expected to be located. To hold the cups in the trenches, cup holders 
were made using thick plywood and hard boards. Holes with 2.5” diameter were 
drilled with a hole-saw on the boards to hold the cups (Figure 4-2). Thick plywood 
boards (%” thick) were used to hold the cups which come directly under the 
trucks tire track and 14” thick hard boards were used for all the other locations. 
One hundred milliliter (ml) polypropylene graduated beakers were used as catch 
cups. A weather meter (manufactured by: Kestrel®, model # 4000) was used to 
monitor the wind velocity, relative humidity, and air temperature Portable 
electronic balances (Acculab® pocket pro series balances, model: pp-250g) were 
used to weigh the cups after water collection.
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Figure 4-2; Cup holder (thick) placed on the trench
Figure 4-3: Experimental site after development
4.1.3 Experimental setup 
The cups along with the holders were placed on the trenches with an average 
distance of 20in between the cups (Figure 4-6). The holders under the track of 
the truck were fastened securely to the ground using 22 cm long; 1 cm diameter 
nails to prevent them from moving while the truck passes over them
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Truck tire
Trench
Cup holders
Cups
Figure 4-4: Details of cup layout in the trenches
The initial experimental setup was planned to use a total of 6 trenches with 15 
cups per trench is shown in Figure 4-5. Flowever, the actual number of trenches 
used and the cups per trench were varied depending on the type of water truck 
tested, configuration of spray nozzles, and the total applied spray width.
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Boards with 
cups (1-15)
T ranches
Truck travel 
direction
Figure 4-5: Overall experimental setup
4.1.4 Data collection 
The first spray distribution and uniformity test was conducted on August 20, 
2003 with a 2000 gallon capacity water truck, using flat fan nozzles (Figure4-6) 
owned by Frehner construction company inc.(4040 Frehner Road; North Las 
Vegas, NV-89030)(Figure 4-7).The specifications of the truck are given in Table 
4-1.
The spatial distribution and the uniformity of the rear sprays of the truck was 
tested in four uniformity tests (tests named ‘no prime’, ‘prime’, ‘double prime’ and 
‘triple prime respectively). The wind direction was recorded as the angle between 
the wind vector and the spray vector at the truck centerline measured anti
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clockwise starting from the wind vector (Figure 4-8). The test was conducted with 
6 trenches at a time with 21 cups per trench since the observed rear spray width 
was 32 ft. In each test, the truck passed over the trenches at the low gear at 
approximately 1,400 rpm (at about five mph) (Figure 4-9).
Table 4-1 : Specifications of water truck used rear spray distribution test using the 
trench method (2,000 gallon water truck, Frehner Construction)
S I# Name Details
1 Truck make& model MARMON; T8-0014
2 W ater tank Capacity 2000 Gallons
3 Tank dimensions 106 in L X 89 in W X 52 in H
4 W ater pump make &model BERKELEY; B3-ZRM
5 Pump Drive PTC (Power Take Off) from engine
6 Piping(Suction and Discharge) Suction- 4 in ; D ischarge- 3”
8 Nozzle details Type : Flat Fan
Type Flat Fan
O rientation Central (front and rear nozzles)
Nozzle angle 180 degrees (front and rear nozzles)
Front Size Front and rear: 16 in x 6 Vz in
Distance between nozzles Front:-78 in,
Height from  ground 25 in
rear Distance between nozzles Rear: 79 in
Height from ground 53 in
Side Size lOin
Height from the ground.
9
W ater Spray system manufacturer United truck and equipment, Phoenix 
AZ-85009
10 Spray control Pneumatic actuator. On/Off control
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Figure 4-6: Rear nozzle of the truck (Frehner Construction)
As explained in the previous chapter, the nominal depth of water application 
was calculated for each tests combining the applied spray width, linear speed of 
the truck, and time to discharge a known amount of water when operated at the 
same conditions (same number of nozzles and same rpm of the water pump) as 
the tests.
The cups were retrieved and weighed after each test. The weighing method 
to measure the applied water depth was adopted to account for the soil in the 
cup along with the water. The cups were dried and weighed again and the 
amount of water collected in the cups and the application depths were calculated 
by dividing the volume (obtained by dividing the net weight of water in the cup by 
the density of water) of water in each cup by the measured mouth surface area of 
the beakers (25.5 sq.cm). The depth data was entered into an Excel® work sheet 
and applied water depth charts were prepared (Figure 4-9).
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Figure 4-7: Rear spray distribution test in progress (2,000 gallon water truck, 
Frehner Construction)
Wind direction, SE
Spray direction, E
Truck
Front Wind angle 0
Figure 4-8: Example of wind direction convention
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University of Nevada Las vegas, Department of Civil and Environmental Engineering. 
Water Truck Spray Distribution Test 
GROSS WEIGHT OF WATER CATCH CUPS (g)
TEST: NO PRIME
DATE: 8/20/2003 (Wednesday)
SITE: 1712 West Charleston Blvd, Las Vegas
TRUCK: 2000gallon
SOURCE: Frehner Construction Company
RECORDER: Sistia K. and Ayla K.
UNITS: g
TIME (s): 18.94 sec
WIND
VELOCITY
(mph): Max: 2.7
Trenches(rows)
2.3
10.8
8.3
7.7
10.3
8.5
8.9
9.2
9.1
9.9
9.1
8.6
9.8
9.7
9.3
8.1
8.6
7.8
8.5
7.9
8.3
8.4
7.7
9.1
7.6
8.4
9.3
7.7
8.1
8.3
10.7
10.7
7.5
8.4
11.7
13.3
10.5
9.9
11.4
11.2
23.3
13.8
15.8
8.9
15.3
Cup numbers
10
16.7
14.1
13.7
15.1
7.4
11
17.8
15.1
16.6
17.1
14.9
12
16.8
14.4
15.9
16.4
7.3
13
17.4
17.1
19.2
7.6
24.8
14
11.8
12.3
10.2
13.7
7.1
15
10.5
8.4
10.7
10.1
7.0
16
9.3
9.4
8.4
8.5
8.3
17
8.7
8.9
7.9
9.6
8.7
18
8.4
8.7
7.7
8.3
9.1
19
8.4
8.4
8.1
8.3
9.3
20
9.1
10.7
9.8
9.2
10.5
21
9.3
9.8
9.4
8.8
10.1
NOTES:
Rows A, B, H, and I were not used because Rows C, D, E, and F were expanded (using cups from A, B, H, and I) to meet ttie span of tfie water 
truck's spray.______________________________________________________________________________________________________________
4.1.5 Uncertainties in data
1) Weather conditions such as wind, temperature and humidity 
affected the data collection as there was a time lag of 30 - 45 
minutes between the test run and the weighing of the catch cups 
even though the cups were covered in a container during that 
period.
2) A scale error of ± 0.2 gram was associated with the net water mass 
in all the catch cups.
3) There were some uncertainties associated with estimating the net 
weight of water mass in the cups. Large black ants were presenting 
the site fell into some cups and were removed with tweezers before 
weighing. The cups were transported and air dried for 24 hours and 
weighed again to account for the dirt and debris entered in them 
along with the water.
4.1.6 Disadvantages of the trench method 
Even though this method actually simulates a construction site, there were 
several disadvantages associated with it:
1) Time consuming measurement procedure: weighing of all the cups 
in all the runs after drying to account for the dirt entrained required 
two days.
2) Practical difficulty in testing different types of water truck since the 
truck and driver need to come to this facility for the testing.
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3) Not suited for heavier trucks and water pulls. Boards popped off 
ground-warped-or cracked under the wheel due to the weight of the 
truck.
4) Difficult to provide a quick, visual feed back on the spray pattern.
4.2 Portable gutter method
4.2.1 Requirements 
A field portable spray testing method should have the following 
requirements:
1) It should be rugged and light weight to be carried in the back of a 
pickup truck
2) The method should be flexible to accommodate different spray 
patterns from different types of spray equipment
3) The stability of the collection cups during the tests should be 
ensured
4) The method should allow for rapid measurement of water collected
4.2.2 Development of test equipment 
The test method essentially consisted of collecting the spray from a stationary 
water truck in a grid of collection cups for a specified run period. The first step 
was to select a collection container which is: 1) suitably sized to contain the 
spray water for the entire experimental run period, 2) graduated in such a 
manner to allow a rapid measurement of the water content. A 250 ml plastic 
Kitchen measuring cup (manufactured by Oxo international®. Figure 4-12)
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was selected as collection cup. In addition to the regular graduations (in fluid 
ounces as well as milliliters) on the side, the cup had a graduated ramp 
graduated both in fluid ounces and milliliters (figure 4-10).This enabled the 
measurement by looking from the top without lifting the cup up. This made the 
measurement process fast in a construction environment. However, during 
the tests, the measurements were taken by lifting the cup up and looking at 
the side graduations for the actual volume,
Figure 4-10: Front and top views of the collection cups
The next step was the selection of suitable equipment for placing the 
catch cups in an orderly fashion, at the same time keeping them stable at the 
impact of the sprays. Ten foot long, 0.33ft wide and 0.33 ft high PVC gutter 
sections were selected for this purpose because the cups could be placed 
tightly inside the gutter sections along the length (Figure 4-11).
To avoid the tipping over of the cups in the axial direction of the gutter 
section, 6” long; 1” wide x 1/16” thick galvanized steel strips were glued to the 
bottom of the cups (Figure 4-11). Ten foot long, 2”by 4” treated wood boards
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were screwed to both the sides of the gutter sections to make the gutter 
sections rugged and to avoid movement of the sections during the test 
(Figure 4-14). Ten cups were placed in each of the gutter sections. Small 
wood blocks (2” long, T’wide, and 1” thick) were placed behind each cup in 
three of the gutter sections to prevent them from moving since the these 
sections were decided to be placed parallel to the spray direction in the center 
of the test grid (Figure 4-15).
'  \
Figure 4-11 : Collection cup for the portable gutter method
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Figure 4-12: Gutter sections with catch cups
4.2.3 Grid arrangement 
Ten cups were placed one foot apart in each gutter sections. A total of 12 
sections with 120 cups were prepared for the grid arrangement. The sections 
were named A through L for measurement purposes. A grid arrangement with 
the sections placed 2 ft apart from each other were selected after preliminary 
tests with a 4,000 gallon water truck. (Figure 4-13) Three sections in the 
middle (I, J and K) were placed parallel to the trucks long axis since spray 
overlap was found to be occurring in that area. Sections I, J, and K had the 
stopper wooden blocks attached behind each cup to prevent movement within 
the section.
The grid arrangement shown in Figure 4-15 was used for spray 
distribution tests with some of the trucks .Depending on the type and location
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of the nozzle; type and capacity of water truck; and the measured spray 
width, different grid arrangements were used.
Figure 4-13: Collection cup grid arrangement.
Three major grid arrangements were used for the spray distribution tests 
called grid arrangements 1, 2 and 3. All the test runs either used one of the 
three standard grid arrangements or, used slight modifications of them 
(Figures 4-14,4-15, and 4-16). Arrangement #1 was used mainly for the 
distribution tests with flat plate fan nozzles and their design modifications. 
Grid arrangement # 2 was used for the tests with pipe cap nozzles and 
Bertolini® nozzles and their design modifications. Grid arrangement # 3 was 
used for testing the flat nozzles of a 10,000 gallon water truck (CAT 773 b)
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Figure 4-14: Catch cup grid arrangement # 1 (for flat fans prays)
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Figure 4-15: Catch cup grid arrangement # 2 (for pipe cap nozzles and 
Bertolini® make nozzle)
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Figure 4-16: Catch cup grid arrangement # 3 (for 10,000 gallon, CAT 773b 
water truck)
4.2.4 Test procedure 
Most of the trucks were equipped with the same type of water pump 
(Model ‘B3 ZRM’, manufactured by Berkeley®), similar system piping, and the 
same gear ratio for the ‘power take off (PTC) shaft. All of these tests were 
preformed at nearly constant engine speeds of 1,750- 1,800 rpm. Average 
engine speeds, depending upon the truck, ranged from 1,400 to 18,00 rpm. 
This helped to reduce some of the uncertainties in the characterization tests 
and allowed us to concentrate on the nozzle configuration, dimensions, and 
orientation during the tests. An average run time of ten seconds was selected 
for most of the tests by trial and error considering the time required to fill 
approximately 75 percent of the catch cups in the middle region were spray
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overlap occurred. A run time of 15-20 seconds was adapted for tests of 
nozzle with a wider spray fans to obtain a measurable amount of water in the 
cups. If any trough was found with no water collected in any of the cups in it 
then the entire trough was excluded from data analysis and vice versa.
4.2.5 Data analysis 
The volume data collected from each test run was then entered in to an 
Excel® worksheet grid similar to the trench method field grid arrangement. A 
grid of applied water depth was then obtained by dividing the volume 
captured in each cup by the surface area of the cup at the lip (38.2 sq.cm) 
and a three dimensional column plot of applied water depth was created from 
the data. Statistical parameters such as the mean, standard deviation, 
coefficient of variation (Standard Deviation / Mean), ratio of 68*^  percentile to 
the mean ([Mean + 1 standard Deviation] / Mean) were calculated from the 
depth data for analytical purposes. The coefficient of Uniformity (CU) value 
(defined in chapter 3) for each test run was also calculated as a measure of 
uniformity. The water application rate was evaluated by dividing the average 
depth for the entire spray area by the run time. The nozzle volumetric flow 
rate was obtained by dividing the volume corresponding to the tank level 
difference by the run time. However, the tank level difference was measured 
only for the test runs with the starting and ending tank axial cross section area 
were the same.
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4.2.6 Uncertainties
4.2.6.1 Calibration data of the collection cups 
For the volume calibration of the kitchen measuring cups, Five cup were 
selected randomly and placed on a level surface. Known amount of water 
was added (increments of 50 ml) to each cup using a standard, 100 ml, 
cylindrical beaker graduated to 1ml accuracy (± 1 ml error).The indicated 
volume in each cups corresponding to the beaker volume was measured 
visually and the calibration data for the collection cups is given in Table 4-1. 
The volumetric error deviation (Volume indicated + True volume added) / True 
volume, %) for the cups is given in Table 4-2.
Table 4-1 Calibration data for the Catch cups
Volume 
Added, ml Cup A
Volume Indicated, ml 
Cup B Cup C Cup D Cup E
50 50 50 50 50 50
100 100 100 98 100 98
150 150 150 148 150 149
200 200 200 197 200 198
250 252 250 245 250 246
The average volume error deviation (-0.4%) was small compared to the 
uncertainty in volume measurement (4%), and the higher value is taken for 
uncertainty analysis of applied water depth.
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Table 4-2: Volumetric error deviation for the cups
Volume 
Added, ml Cup A Cup B
Error deviation, %
Cup C Cup D Cup E
50 0 0 0 0 0
100 0 0 -2 0 -2
150 0 0 -1.33 0 -0.67
200 0 0 -1.5 0 -1
250 0.8 0 -2 0 -1.6
Average deviation
error, % -0.452
4.2.6.2 Uncertainties in the depth data 
The volume measurement in the cup has an uncertainty of ±10 ml. Also, 
the lip area of the cups was estimated by comparing the mass of a uniform 
object (paper) with the same area as the cup opening to the mass of a known 
area of the same material. Compared to the volume uncertainty, the 
uncertainty value associated with the area measurement was small (±0.0002 
g or.04%). We know that depth of applied water (d) = Volume of water in the 
cup (V) divided by the Lip or opening area of the cup (A). An uncertainty 
analysis of the applied depth data is presented here.
V
d = -  (4-1)
Let wd, wV, and wA be the uncertainties associated with depth, volume and 
area respectively. Then, following Holman (1994), the uncertainty associated 
with depth is:
,3d .-2 ,3d . -2
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8 V - V  8 V 1
Substituting — (—) = — , and —  (—) = — in Equation (4-2), dividing both
oA A A aV A A
sides by d, and substituting d = V/A on the RHS produces the following 
equation:
(4-3)
The typical collection volumes and the uncertainties in the water depths 
corresponding to the volumes are presented in Table 4-3.
Table 4-3: Typical collection volumes and the uncertainties in the water 
depths corresponding to the volume
Typical V, 
ml o)V, ±ml wV/V, % wd/d, % d, cm wd, ±cm
10 10 100.00 100.00 0.262 0.262
20 10 50.00 50.00 0.523 0.262
30 10 33.33 33.33 0.785 0.262
40 10 25.00 25.00 1.047 0.262
50 10 20.00 20.00 1.308 0.262
60 10 16.67 16.67 1.570 0.262
80 10 12.50 12.50 2.093 0.262
100 10 10.00 10.00 2.617 0.262
120 10 8.33 8.33 3.140 0.262
140 10 7.14 7.14 3.663 0.262
160 10 6.25 6.25 4.187 0.262
180 10 5.56 5.56 4.710 0.262
200 10 5.00 5.00 5.234 0.262
250 10 4.00 4.00 6.542 0.262
In Table 4-3, wd is the computed overall uncertainty in depth.
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4.3 Chronology of spray characterization tests 
A chronological table of the tests conducted using both the trench method 
as well as the gutter method is given in Table 4-4. A total of two spray 
characterization tests (8 test runs) were conducted using the trench method 
and 12 tests (79 test runs) were performed using the trough method. Results 
are discussed in Chapter 5 in a different order than the chronological order 
since the two trough method tests were mainly conducted for developing 
appropriate experimental techniques.
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Table 4-4 Chronological table of spray characterization experiments
§
S L# Type of Experiment Date Location Equipment Tested and Owner
No. of 
Test 
Runs
Purpose
1 TrenctiMettiod 8/20/2003
LVVWD field (Buffalo Road 
and Charleston Blvd)
2,000 gallon water tuck, Frehner 
construction company 4
Characterize flat fan sprays from a 
moving truck
2 TrenchMethod 8/22/2003
LVVWD field (Buffalo Road 
and Charleston Blvd)
4,000 gallon water truck, Envirocon 
Mitigation systems 4
Characterize spray bar of a 
moving truck
3
Gutter
Method 12/22/2003
Rainbow Blvd. and Westcliff 
Ave.
4,000 gallon water tuck, Frehner 
construction company 8
Developing techniques for 
optimum spray collection
4 GutterMethod 1/22/2004
Rainbow Blvd. and Westcliff 
Ave.
4,000 gallon water tuck, Frehner 
construction company 6
Characterize dual flat fan sprays 
from stationary truck
5
Gutter
Method 5/18/2004
East Craig Road and Losee 
Road
4,000 gal water truck, Cashman 
Equipment 6
Characterize dual flat fan sprays 
from stationary truck
6
Gutter
Method 6/2/2004
LVVWD Yard (1001 S.Valley 
View Blvd.) 4,000 gallon water trucks, LVVWD 8
a) Characterize Valew® nozzle,
b) Characterize flat fan nozzle
7 GutterMethod 6/9/2004 Aggregate Industries, Sloan 10,000 gallon water truck (CAT 773b) 10
Characterize flat fan sprays with 
wider coverage
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Table 4-4 Chronological table of spray characterization experiments (continued...)
00
S L # Type of experiment Date Location Equipment Tested and Owner
No. of 
test 
runs
Purpose
8 Gutter
Method
6/24/2004 LVVWD Yard (1001 S.Valley 
View Blvd.)
4,000 gallon water truck, LVVWD 8 Characterize single flat fan nozzle
9
Gutter
Method
7/7/2004 Aggregate Industries, Sloan 5,000 gallon water pull (CAT 613c) 6 Characterize Mega corp®. Nozzle
10 GutterMethod
7/23/2004 LVVWD Yard (1001 S.Valley 
View Blvd.)
1,500 gallon water truck, LVVWD 8
Characterize Bertolini® nozzle 
(Baseline + different slot width- 
nozzle angle combinations.)
11 Gutter
Method
8/18/2004 LVVWD Yard (1001 S.Valley 
View Blvd.)
1,500 gallon water truck, LVVWD 8 Characterize pipe cap nozzles (baseline + modification)
12 Gutter
Method
8/18/2004 LVVWD Yard (1001 S.Valley View Blvd.) 1,500 gallon water truck, LVVWD 3
Evaluate proposed improvements 
to Bertolini® nozzle
13 GutterMethod
9/23/2004 LVVWD Yard (1001 S.Valley View Blvd.) 1,500 gallon water truck, LVVWD
4 Evaluate proposed modifications to pipe cap nozzles
14 Gutter
Method
9/24/2004 LVVWD Yard (1001 S.Valley View Blvd.) 1,500 gallon water truck, LVVWD
4 Evaluate proposed modifications to flat fan sprays
CHAPTER 5
RESULTS AND DISCUSSION 
This section explains the results of various spray characterization tests 
performed using both the moving truck (Trench method) and the stationary truck 
(Gutter section) method. Even though the moving truck method is more 
representative of the actual site conditions; the stationary truck method was used 
for most of the tests for reasons stated in the previous chapter. Different nozzle 
types and geometric configurations were tested to characterize the overall spray 
pattern and to evaluate the efficiency and uniformity of water application from 
these nozzles with respect to wet dust suppression. The results are categorized 
by the spray type rather than the truck type or capacity. Most of the ‘stationary 
truck’ spray characterization tests were performed around a water pump speed of
1,800 rpm with run duration of 10 seconds. Design modifications of the currently 
available nozzle types were also tested for possible improvements in efficiency 
and uniformity and those results were also presented.
5.1 Single nozzle spray characterization tests 
The spray distribution tests with single nozzle are presented at first for the 
following reasons: 1) to establish the effectiveness of the spray capture system 
developed, 2) to understand the flexibility of the capture system to adapt to the
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different spray patterns from different types of water trucks, and 3) to compare 
the single spray characteristics with that of the dual spray combination, which is 
widely practiced in the industry. The results of two flat plate fan nozzles (rear 
center nozzles) from two different trucks are presented in the next section.
5.1.1 4,000 gallon water truck single nozzle tests 
The first single nozzle tests were conducted using the stationary truck method 
at the Las Vegas Valley Water District (LVVWD) utility yard (1001 S. Valley view 
Blvd., Las Vegas) on 06/24/04. A 4,000 gallon capacity. International tandem 
series truck (called truck # 3 in the next section) owned by LVVWD was used to 
conduct all the test runs.
The nozzle essentially consisted of a flat deflector plate on top of an open 
pipe end with a collar to adjust the nozzle slot width. The overall nozzle slot 
dimensions of 3/8” in width and 6” in length and the nozzle angle was 180 
degrees (Figure 5-1).
The test runs were performed at an engine rpm of 1,750 and the average run 
time was around 12 seconds. The 28-feet wide; grid arrangement # 1 of catch 
cups discussed in the previous chapter was used for collecting the spray, with 
the first row of cups starting at 22 feet from the nozzle.
The spray pattern was studied using a chart showing the applied water depth 
over the run time. The depth of applied water was obtained by dividing the 
volume of water collected in each cups by the lip surface area of the cup (Figure 
5-2). In Figure 5-2, the perspective is looking from the back of the truck and 
height of the column represents the applied water depth in centimeters.
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Figure 5-1; Figure: 5-1: Fiat plate fan spray nozzle (rear center)
A P P L IE D  W A T E R  D E P T H  ( R U N 2 ,1 2 .7 0  s e c )
E& F
□  A & B
■  I . J & K
□  C & D
□  U & K
■  E & F
□  I . J & K
■  G&H
□  i . J & K
■  L
■  I. J & K
C U P S  10
Figure 5-2: Applied water depth chart for 4000 gallon truck single (rear center) 
nozzle. CU value = 0.15 for this run.
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From Figure 5-2 it is clear that the coilection grid captured the footprint of the 
spray arc, establishing the effectiveness of the test method. The spray was 
characterized by a 35 foot wide fan with an average application rate of 
0.09cm/sec. The average ratio of the 68^ percentile value to the mean value is 
1.90, a value much lower than most of the rear spray combinations. Averaged 
over all runs, the coefficient of uniformity value was 0.21 (Table 5.1).
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Table 5-1 ; Summary of spray distribution test results (rear center flat plate nozzle) of 4,000 gallon water truck (LVVWD), 
(06/24/04)
Run
#
Rpm
Engine/
pump
Run
time,
sec
W ind speed Nozzle size, 
(m/s) & W X L, in & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniform ity
Comments
1 1750 / 12.81 0.3 & 135
1/4 X 6, 
180
&
1.19 0.97 0.093 1.81 0.81 0.29
Troughs after E & F 
were not included for
statistical analysis
2 1750/
1855
12.7 n/a & 135
1/4 X 6, 
180
& 0.94 0.94 0.074 2.00 1.00 0.15
3 1750/1 12.23 3.1 & 135
1/4 X 6 ,  
180
& 0.80 0.80 0.100 2.00 1.00 0.10 W ind effect on RHS
4 1750/1 11.76 3.0 & 135
1/4 X 6, 
180
& 0.98 0.83 0.084 1.85 0.85 0.27 W ind effect on RHS
5 1750/1 12.27 0.8 & 135
1/4 X 6, 
180
& 0.97 0.83 0.077 1.86 0.86 0.26
Average 0.97 0.086 1.90 0.90 0.21
Standard
deviation 0.14 0.011 0.09 0.08
1. Estimated value
5.1.2 Single nozzle tests with 10,000 gallon water truck 
The single nozzle spray distribution tests with a 10,000 gallon capacity; off- 
road water truck (Caterpillar 773b) was carried out at the aggregate mines owned 
by Frehner Construction Company at Sloan, Clark County on 06/09/04. This 
truck was different in a number of ways such as higher location of the nozzle, 
wider spray, and a different water pump and pump drive compared to the 4,000 
gallon truck discussed in the previous section (Figure 5-3).
The rear center nozzle was a flat fan nozzle with 3/4” wide 6.5” long slot 
dimensions and 180 degree nozzle angle Figure 5-3. Grid arrangement # 3 was 
used to capture the spray from the nozzle. The tests were conducted at an 
engine speed of 1,500 rpm and an average 17 second run time was adopted.
The water pump rpm was not measured since the pump was close coupled to the 
hydraulic drive.
ï-vA
Figure 5-3: 10,000 gallon water truck (CAT 773B) and catch grid arrangement
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Figure 5-4: Rear center nozzle of 10,000 gallon water truck (3/4” wide 6.5” long 
slot dimensions and 180 degree nozzle angle)
WATER
TRUCK
| 0  O  O  Q - Q  O O P
o o  o o o |o  o o o OQ -o-o-o-of : : I-O-O-O j>-G o  o o o jo  o o o o oj o  Q  Ô
E X P E C T E D  S P R A Y  A R E A
Figure 5-5: Grid arrangement # 3 showing expected spray area.
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WATER DISTRIBUTION PATTERN (RUN3; 17.16sec)
S L . J
■  A.C.B.D 
O I . J & K
■  I . J & K
■  E.F.G.H
■  I . J & K
□  I . J & K
■  I . J & K
■  U & K
L.J
A.C.B.D
CUPS E.F.G.H
TROUGHS
Figure 5-6: Applied water depth chart for 10,000gallon truck nozzle (rear center) 
CU = 0.30
Figure 5-5 shows the grid arrangement of catch cups along with the expected 
spray area. If the spray is in an arc as shown by Figure 5-5, greater depths of 
water would be expected in the cups located near or under the area of water 
impact. This was proved by the applied water depth chart (Figure 5-6).
The spray was characterized by a 55 ft wide fan and an average application 
rate of 0.063cm/sec. The collection cup arrangement captured the foot print of 
the spray in this case also proving the flexibility of the test method. The wind 
effect (4 meter/sec at 270 degree angle) on the left side spray was also evident 
from the depth plot. A summary of the test results are given in Table 5-2.
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Table 5-2: Summary of spray distribution test results (rear center flat plate nozzles) of 10000 gallon CAT 773b water truck; 
(06/09/04)
Run
#
Rpm
Engine/
pump
Run
time,
sec
W ind speed 
(m/s) & 
direction 
(deg)
Nozzle
size,
W X L, in & 
angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1500/ 17.34 2.8 & 270
3/4 X 6.5, 
& 180
0.92 1.16 0.059 2.26 1.26 -0.04
Low CU since spray 
was undershooting the 
grid, very wide spray 
(55ft)
2 1500/ 16.5 5 & 2 7 0
3/4 X 6.5, 
& 180
1.00 0.82 0.064 1.82 0.82 0.30
3 1500/ 17.16 5.6 & 270
3/4 X 6.5, 
& 180
1.09 1.11 0.070 2.02 1.02 0.14 wind effect on LHS
Average 1.00 0.064 2.03 1.03 0.13
Standard
Deviation 0.09 0.006 0.22 0.22 0.17
1. Estimatecj value
C/)
C/)
5.2 Stock paired nozzles tests 
These are nozzles which currently exist in different water trucks. Even though 
they are different in size; shape; and performance, they could be categorized into 
the following two major categories: 1 ) simple nozzles with separate actuators, 2) 
nozzle-actuator (spray head-valve) combinations. Flat plate fan spray nozzles 
and slotted pipe cap nozzles belong to the first category, whereas many of the 
patented valves such as Valew ®; Bertolini ®; and Mega Corp ® belong to the 
second category. The results of these stock nozzles spray distribution tests (two 
rear nozzles spraying together) are presented as a base case scenario at first 
and results of their possible design modifications were presented in the section 
followed.
5.2.1 Simple nozzle (separate in line valve actuator)
5.2.1.1 Flat fan sprays (4,000 gallon trucks)
Most of the water trucks in the Las Vegas valley are equipped with the flat fan 
nozzles which essentially consist of a flat deflector plate on top of an open pipe 
end with a collar to adjust the nozzle slot width (Figure 5-7). While some spray 
nozzles have the collar independent of the deflector plate, others have as integral 
part of the plate, making spray width adjustment impossible. A number of 4,000 
gallon trucks from different construction companies with the flat spray were 
tested to study the baseline spray characterization, efficiency and uniformity of 
these sprays. The results of rear spray characterization tests with four water 
trucks with flat fan sprays are discussed in the next sections.
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0^
Figure 5-7; Flat plate fan spray nozzle for truck #1 (Frehner Construction)
5.2.1.1.1 Spray distribution tests with truck # 1
The first spray characterization test with a water truck with flat fan rear sprays 
were conducted on January 22, 2004, using the portable testing method. The test 
was conducted in a construction site operated by Frehner Construction 
Company, Las Vegas at Rainbow Blvd and West cliff Ave, Las Vegas, (Figure 5- 
8).
The 28-foot, grid arrangement # 1 was used for the tests. The tests were 
conducted at an engine speed of 1,400 rpm. The water pump speed was kept at
1,800 rpm for the tests with the other trucks since it was a more realistic speed 
when compared with speeds at which the trucks operate at construction sites.
The specifications of the water truck #1 are given in Table 5-3.
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'S ' ^
■
Figure 5-8: Catch cup arrangement (grid # 1) for spray characterization tests with 
truck # 1
Figure 5-9 shows the grid Arrangement #1 for the test with the expected 
spray area .Greater water depths are expected in the cups right under the spray 
arc. This was proved this time also by the applied water depth over the run time 
(Figure 5-10). Considerable spray overlap in the middle region was observed in 
all the test runs.
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Figure 5-9: Grid arrangement #1 showing expected spray area for truck #1
APPLIED WATER DEPTH (RUN3 10.89 secs)
s
' 1 /
® \  y '
I
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8  E 4 - ^
% “■ 3 - Y
o 2 - K
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g
A & B
G.  H & I
□  A & B
■  G,  H &  I 
O C &  D 
D G .  H &  I
■  E & F
□  G.  H &  I
■  G . H & I
□  G,  H &  I
■  G.  H &  I
■  G,  H &  I
CUPS 10
Figure 5-10: Spray characterization plot for truck # 1 showing applied water 
depth CU for this test = 0.12
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The spray was characterized with a very low average Coefficient of Uniformity 
(CU) value of 0.11 in comparison with spray irrigation systems where 0.8 or 
higher is considered as a good value (Zolodske, 2000). The ratio of the 68*^  
percentile value to that of the mean was 2.09, which was also an indication of the 
variability of the spray within the spray area. The summary of test results and 
parameters are presented in Table 5-4.
Table 5-3: Water truck # 1 specifications
No Name Details
1 Truck make& model KENWORTH; T8-0021
2 W ater tank Capacity 4000 Gallons
3 Tank dimensions 216 in L X  89 in W X 52 in H
4 W ater pump make &model BERKELEY: B3-ZRM
5 Pump Drive PTO (Power Take Off) from engine
6 Piping (Suction and Discharge) Suction- 4 inch; Discharge- 3 inch
8 Nozzle details
Type Flat Fan
Orientation Central (front and rear nozzles)
Nozzle angle 180 degrees (front and rear nozzles)
Front Size Front and rear: 3/4 in x 6 1/2 in
Distance between nozzles Front:-78 in,
Height from ground 25 in
Rear Distance between nozzles Rear: 84 in
Height from ground 54 in
Side Size 10 inch X 1/4 in
Height from the ground.
United truck and equipment, Phoenix
9 W ater Spray system manufacturer AZ-85009
10 Spray control Pneumatic actuator. On/Off control
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Table 5-4: Summary of spray distribution test results (dual rear flat plate nozzles) of 4,000 gallon water truck # 1 
(01/22/04)
8
( O '3"
i
3
CD
"nc3.
3"
CD
CD■D
OQ.C
a
o
3
■D
O
CDQ.
CDO)
Run
#
Rpm, Run
Engine/ time.
pump sec
1400/
n /a '
1400/
N/A°
1400/
N/A'
1400/
N/A'
, Ratio of
TnV sT? W ° x U ( in M  APPli^'io" 68" coefficient CPPfklPP'
direction Fan angle. dePK Deviation, rate, percentile Variation ,, /
, . , , . ? cm cm cm/sec value to Uniformity
'"^=1 the mean
Comments
9.57 5 & 225 3/4 x 6.5 1.40
10.89 3.30 & 225 3/4 x 6.5 1.35
10.95 5.7 & 225 3/4 x 6.5 1.49
1.75
1.34
1.57
0.138
0.124
0.135
2.25
1.99
2.05
1.25
0.99
1.05
low CU since spray was 
not covering the entire 
-0.01 grid,& mesurements in 
FI. oz (<1 oz. was not 
considered)
Different truck, values 
“  are not shown.
0.17 same as above
0.15 same as above
T3
CD
(/)
(/)
1400/
N/A'
10.76 1.6 & 225 3/4 x 6.5 1.52 1.62 0.141 2.07 1.07 0.13 same as above
Average
Standard
Deviation
1.44
0.08
0.135 2.09 1.09 0.11
0.007 0.11 0.08
1. Estimated
5.2.1.1.2 Flat spray tests with truck # 2
Flat spray characterization tests with truck # 2 were conducted at Cashman 
Equipment (3101 East Craig Road, North Las Vegas) on 05/27/04. The truck was 
a Chevrolet 8500 Tandem Series truck with 4,000 gallon capacity provided by 
Cashman Equipment (Figure 5-11). The rear flat plate nozzles were 6.5” in 
Length, 3/4” in width and with a spray angle of 180 degree. The flat plates of the 
nozzles, especially the right nozzle, when looked from the back of the truck, were 
found to be deflected downwards (Figure 5-12 and 5-13). This resulted in 
dissimilar spray patterns from the two nozzles. Also, the RHS spray was hitting 
very close to the ground (8 ft), even after the water pump rpm was around 1,800- 
1,850.
 :_____
Figure 5-11 ; Figure 5-11 : Truck #2 test arrangement (grid arrangement # 1)
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At
Figure 5-12: LHS rear nozzle of truck # 2 (6.5” L x 3/4” W, 180 degree nozzle 
angle)
Figure 5-13: RHS rear nozzle of truck # 2 (6.5” L x 3/4” W, 180 degree nozzle 
angle)
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The first troughs with the catch cups were placed eight feet from the nozzle. 
Grid arrangement # 1, with the RHS side cups moved 2 feet forward with respect 
to the LHS, was used since the spray in that side was traveling a shorter distance 
before hitting the ground. The test run time was 10 seconds for this series of 
tests also. The spray pattern data for the test run # 3 is presented in the depth 
plot. (Figure 5-14).
APPLIED WATER DEPTH (RUNS, 9.77secs)
TRUCK
□  A
■ B
D C
□ D
■  E
O F
■  G
O H
■  I. J,
Figure 5-14: Spray characterization plot for truck #2 showing applied water 
depths. CU for this test = 0.23.
Considerable spray overlap in the middle region was observed for these tests 
also. The overlap was smaller compared to truck # 1 .The smaller amount of 
overlap in the middle region could be attributed to the downward deflection of the 
RHS nozzle, even though it reduced the area covered by that nozzle.
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The average coefficient of uniformity value was 0.17, again suggesting the 
poor uniformity of the distribution. Also, the average ratio of 68^ percentile value 
to the mean for all the tests was 2.05, showing a high variability of the spray 
pattern (Table5-5).
5.2.1.1.3 Rear spray tests with truck # 3 
Spray distribution tests with this truck were conducted on 06/02/04 and 
06/24/04,.at LVVWD. Truck # 3 had the same water spray system of that of a 
1,500 gallon truck used to test the different types of nozzles and their design 
modifications. The baseline spray characterization of the existing flat spray, 
therefore, was important for the purpose of quantifying the efficiency and 
uniformity improvements of the above mentioned design modifications. A 
complete specification for truck # 3 is given in Table 5-6.
The spray nozzles were similar to that of truck # 1 and # 2 except that these 
nozzles have a collar around the pipe which could be moved to adjust the 
effective nozzle slot width (Figure 5-15). The rear nozzles were 6 inch in length 
and 3/8 inch in width and were aligned centrally for the baseline flat spray 
characterization tests. The nozzle angle was 180 degrees.
The tests were conducted at an engine rpm of 1,750 and an average water 
pump speed of 1,800 rpm. An average run time of 10 second was used for this 
set of tests too. Grid arrangement #1 was used for the tests with the first set of 
gutter sections placed 14 feet from the rear nozzle, since the spray was found to 
be traveling 15 - 20 ft before hitting the ground (Figure 5-16).
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Table 5-5: Summary of spray distribution test results (rear flat plate nozzles) of 4,000 gallon water truck # 2, (05/27/04)
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X L, (in), & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68^ 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
RHS nozzle was
1
1750/
1800*
9.57 0.6 & 135 5/8 X 6 1.38 1.51 0.141 2.09 1.10 0.12
deflected more 
downward ( true for all 
runs)
2 1750/
1906
9.74 0.7 & 135 5/8 X 6 1.62 1.70 0.166 2.05 1.05 0.13
3
1750/
2040
9.77 1.0 & 135 5/8 X 6 1.49 1.45 0.152 1.97 0.98 0.23
Higher rpm, higher 
uniformity
4 1750/
1820 10.06 0.4 & 135 5/8 X 6 1.60 1.65 0.159 2.03 1.03 0.19
5 1750/1950
9.57 0.9 & 135 5/8 X 6 1.43 1.48 0.150 2.03 1.03 0.17
6 1750/1 9.7 0.8 & 135 5/8 X 6 1.30 1.41 0.134 2.08 1.09 0.15
Average 1.47 0.150 2.04 1.05 0.17
Standard
Deviation 0.13 0.012 0.04 0.04
1. Estimated
Table 5-6: Specifications of truck # 3
No Nam e D etails
1 T ruck  m ake& m odel In tenational Tandem  series
2 W a te r tank C apacity 4000  G allons
3 T ank d im ensions 194 in L X 96 in W  X 52 in H
4 W a te r pum p make &m odel BERKELEY; B3-ZRM
5 Pum p Drive PTO  (Power Take Off) from  engine,
PTO ratio to  the eng ine 1.1:1
6 P ip ing (Suction and D ischarge) S uction- 4 inch; D ischarge- 3 inch
8 N ozzle  deta ils
Type F lat Fan (m aker unknow n)
O rien ta tion C entra l (front and rear nozzles)
N ozzle ang le 180 degrees (front and rear nozzles)
Front S ize Front and rear: 1/4 in x 6 in
D istance betw een nozzles Front:-, 78 in ( 6.5 ft)
H e ight from  ground 24  in (2 ft)
Rear D istance betw een nozzles Rear: 79 in (6.5 ft)
H eight from  ground 55  in
S ide Size 10 inch X 1/4 in
H eight from  the ground. va riab le
9 W a te r Spray system  m anufacturer
In te rp ipe  Equipm ent,
3807  W . Adam s st., Phoenix, AZ
10 S pray contro l
In -line  d iaphragm  va lve  w ith pneum atic 
actua tor. O n /O ff contro l
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Figure 5-15: LHS rear nozzle of truck # 3
Figure 5-16: Field arrangement for tests withi truck # 3
Thie spray chiaracterization data for two test runs were presented in the form 
of applied water depth plots in Figure 5-17 and Figure 5-18.
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A P P L IE D  W A T E R  D E P T H  ( R U N 3 , 1 0 .9 3  s e e )
A & B
C & D
□  A & B
■  I . J & K
□  C & D
□  I . J & K
■  E & F  
B I . J & K
■  G & H
□  I . J & K
■  L
■  I . J & K
CUPS 10
Figure 5-17: Applied water depth chart for truck # 3, CU value = 0.34 (tests 
conducted on 06/02/04).
A P P L IE D  W A T E R  D E P T H  ( R U N 3 , 1 0 .7 7  s e c )
A & B
C & D
E & F
□  A & B  
I . J & K
□  C & D
□  I . J & K  
E & F
□  I, J & K  
G & H
□  I . J & K  
L
I . J & K
Figure 5-18: Applied water depth chart for truck # 3 (Traffic cone in the way was 
deflecting the spray). CU value for this test =0.06 (tests conducted on 06/24/04)
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The average water depth was lower than that of the other two trucks because 
of the higher coverage area of the sprays. Substantial amount of spray overlap 
was noticed in the middle region for both the test runs. The spray was 
characterized by a wider fan of approximately 38 feet and lower application rate 
(0.11 cm/sec) compared to truck #1 and # 2. The coefficient of uniformity value 
varied widely among the test runs on both days. The comparatively high average 
ratio of the 68^ percentile value to the mean (2.22) shows the high variability of 
the spray. A summary of results of the tests conducted on 06/02/04 is given in 
Table 5-7. A traffic cone was deflecting the spray for the first four runs on 
06/24/24 and was removed for the rest of the tests. This could be noticed from 
the spray pattern in Figure 5-18 and the low CU value of the run (0.06). The 
summary of the two cases are given in tables 5-8 and 5-9 respectively.
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Table 5-7: Summary of spray distribution test results (rear flat plate nozzle) of 4,000 gallon water truck (# 3, LVVWD), 
(06/02/04)
Run
#
Rpm
Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
deptti,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1750/1 10.11 0.3 & 135
1/4 X 6, & 
180 0.63 0.95
0.062 2.51 1.51 -0.04
Spray was overshooting 
beyond the grid
2 1750/
1845 9.59
0.2 & 135 1/4 X 6, & 
180
1.13 1.46 0.109 2.31 1.31 0.03
Poor capture in the catch 
cups
3 1750/1 10.93 0.3 & 135
1/4 X 6, & 
180
1.17 1.07 0.107 1.91 0.91 0.34 Better un ifo rm ity , good capture
Average 0.98 0.093 2.24 1.24 0.11
Standard
Deviation 0.25 0.022 0.25 0.17
1. Estimatecj
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Table 5-8: Summary of spray distribution test results (rear flat plate nozzle) of 4,000 gallon water truck (# 3, LVVWD), 
06/24/04 (Runs with the traffic cone in the way of the spray)
Run " P " ' ’ , ^  Engine/
pump
Run
time,
sec
W ind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W xL , (in) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value 0 the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1750/^ 10.11 0.3 & 135
1/4 X 6, & 
180 1.21 1.48 0.120 2.22 1.22 0.10
Traffic cone in the way 
was deflecting the spray
Troughs G, H & beyond
175%
1845 9.59 0.5 & 135
1/4 X 6, & 
180
1.11 1.23 0.115 2.11 1.11 0.24
were not included for 
statistical analysisTraffic 
cone in the way was 
deflecting the spray
3 1750/ ^ 10.77 0.3 & 135
1/4 X 6, & 
180
1.06 1.39 0.098 2.31 1.31 0.06
Traffic cone in the way 
was deflecting the spray
4 1 75 0 /^ 10.22 0.8 & 135
1/4 X 6, & 
180
1.17 1.40 0.107 2.20 1.20 0.10 Traffic cone in the way was deflecting the spray
Average 1.14 0.110 2.21 1.21 0.12
Standard
Deviation 0.07 0.010 0.08 0.08
1. Estimated
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Table 5-9; Summary of spray distribution test results (rear flat plate nozzle) of 4,000 gallon water truck (# 3, LVVWD), 
06/24/04 (Runs with the traffic cone removed from the way of the spray).
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value 0 the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
5 1750/ ' 10.99 0.5 & 135
1/4 X 6, & 
180 1.23
1.62 0.112 2.32 1.32 0.13 Traffic cone removed
6 1750/1806
9.47 0.5 & 135 1/4 X 6, & 180
1.15 1.31 0.122 2.14 1.14 0.17 Traffic cone removed
Average 1.19 0.117 2.23 1.23 0.15
Standard
deviation 0.06 0.007 0.13 0.03
1. Estimated
C/)
C/)
5.2.1.2 Flat spray tests with 10,000 gallon truck 
As discussed in the single center spray tests, spray distribution tests with this 
truck was important since this truck was different in a number of ways such as 
higher location of the nozzle, wider spray, different water pump and pump drive 
compared to the 4,000 gallon trucks (Figure 5-19). The nozzles were of the same 
size as the 4,000 gallon trucks (1/2” x 6”). The same catch cup grid arrangement 
(# 2) and average test run time (20 seconds) as the single center nozzle tests 
were used for the rear spray tests also.
Pump and 
Hydraulic drive
Nozzle
Figure 5-19: Rear view of the 10,000 gallon water truck (CAT 773b, Frehner 
construction)
From the applied water depth plot it is clear that the grid arrangement was 
effective in catching the foot print of the spray (Figure 5-20). Also, a considerable 
amount of overlap in the middle (sections I and K), along with the wind
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suppression of LHS spray, shifting application to right side, could be noticed from 
the spray distribution plot.
W A T E R  D IS T R IB U T IO N  P A T T E R N  ( R U N 7 , 1 5 . 5 6 s e c )
□  L,J
■  A. C. B. D
■  l . & K
■  E. F. G. H
Wi nd  di rect ior
A. C. B. D
CUPS
E.F.G.H
T R O U G H S
Figure 5-20; Applied water depth chart for 10,000gallon truck. CU for this test = 
0.31
The average water application rate of the truck was 0.07 cm/sec, which is 
quite lower than that of 4,000 gallon trucks. But since the spray coverage was 
(58 feet) almost double that of the 4,000 gallons trucks, we could conclude that 
the flow rates of these trucks are almost the same. The average ratio of 68*^  
percentile value to the mean was 2.11 and the average CU value was 0.16, 
which shows that the spray is quite non uniform, but the uniformity is better than 
that of the 4,000 gallon trucks with standard flat spray. The uniformity was 
lowered by the wind for at least three test runs (Table 5-10).
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Table 5-10: Summary of spray distribution test results (rear flat plate nozzles) of 10000 gallon CAT 773b water truck; 
06/09/04)
Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X  L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
to the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1500/ 10.3 0.3 & 270
1/2 X  6.5, 
& 180 0.73 0.74 0.071 2.00 1.00 0.22 very wide spray (58ft)
2 1SOO/’ 10.19 5& 270 1/2 X  6.5, & 180 0.63 0.69 0.062 2.09 1.09 0.13 wind effect on LHS
3 1500/ 20.53 3& 270
1/2 X  6.5, 
& 180 1.37 1.66 0.067 2.21 1.21 0.10
timing doubled to get a 
reasonable catch volume
4 1500/ 15.07 4.3 & 270
1/2 X  6.5, 
& 180 1.12 1.25 0.074 2.12 1.12 0.16
LHS spray was 
suppressed considerably 
by the wind
5 1500/ 16.37 5&270 1/2 X  6.5, & 180 1.09 1.35 0.067 2.23 1.23 0.07
considerable wind effect. 
L not included in 
stat.anaiysis
6 1500/’ 16.66 4.0 & 270 1/2 X  6.5, & 180 0.82 0.89 0.049 2.08 1.08 0.11
7 1500/ 15.56 4.9 & 270 1/2 X  6.5, & 180 1.17 1.21 0.075 2.03 1.03 0.31
Highest CU among runs. 
Still lot of overlap in the 
middle
Average 0.99 0.066 2.11 1.11 0.16
standard
Deviation 0.27 0.009 0.09 0.08
1. Estimated value
5.2.1.3 Flat fan spray tests using Trench Method 
Only one flat fan spray test was conducted using this method. The procedure 
and test parameters were discussed in the previous chapter. Definite amount of 
spray overlap in the middle region was observed for all the test runs (Figure5- 
21).
Applied Water Depth Chart (Trench Method) 
Test: No Prlm e(l)
ES “
I s
,2 5 -
D T renches 
(Rows)
Figure 5-21 : Applied water depth plot for 2000 gallon water truck (Moving truck 
method), CU value for this test = 0.31.
The last row in the plot (row ‘Nom’ with constant values) represents the 
nominal water application depth obtained by dividing the volume of water applied 
on the ground during the test run period by the area covered by the spray in that 
time. A detailed summary of the test results are given in Table 5-11. In addition to
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the average depth, the weighted average was also evaluated in these series of 
tests to account for the different distances between the cups, especially in the 
center region where they were closely placed. The calculated average nominal 
depth (0.213) was close to the average depth and the weighted average depth 
values obtained for the test runs, which were 0.214 and 0.19 respectively,. The 
average ratio of the 68^ percentile value to the mean was 1.90 which is a better 
value compared to the tests with the other flat spray trucks using the gutter 
method. In the gutter method, improper selection of the collection grid might lead 
to poor spray uniformity values. The average coefficient of uniformity value (0.36) 
was also found to be higher than that obtained for similar trucks using the gutter 
method.
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Table 5-11 : Summary of spray distribution test results (rear flat plate nozzles) of 2000 gallon water truck using the Trench 
method’; (08/20/03)
Rpm,
Run # z =:
pump (deg) angle (deg) depth, cm cm
Ratio of
Coefficient
" Z e T  u n l f l l f ,
the mean
Comments
1 (No 
Prime) 1400/’ 18.94 2.3 & 325
2 (Prime) 1400/’ 26.6 n/a
^Pdrne)'^ 1400/’ 25.63 2.3 & 325
4 (Triple 
Prime) 1400/’ 22.6 2.5 & 325
1 / 2 X  6.5,
& 180
1/2 x6.5.
& 180
1/2 X  6.5,
& 180
1/2 x6.5.
& 180
0.172 0.147
0.240 0.257
0.233 0.241
Average
Standard Deviation
0.206
0.213
0.031
0.212
0.214
0.048
0.125
0.210
0.221
0.198
0.189
0.043
0.134
0.315
0.188
0.143
1.91
2.22
1.78
1.68
1.90
0.91
1.22
0.78
0.68
0.90
0.237
0.31
0.22
0.41
0.49
0.36
0.119
Spray width 32 ft. 
Five trenches were 
used
Spray width 32 ft. 
Five trenches were 
used 
Spray width 32 ft. 
Five trenches were 
used 
Only three 
trenches were 
used
1. Estimated value
(/)(/)
5.2.2 Pipe cap nozzles 
These nozzles are used in a majority smaller water trucks typically the ones 
with 2,000 gallon capacity. The nozzle essentially consists of a 2 36 inch, 
schedule 40, steel pipe cap with a 180 degree slot cut on it with one of the three 
following slot widths: 1/8'^ ,1/4*  ^or 3/8'*^  of an inch (Figure 5-22). The typical 
2,000 gallon water truck has 2 36" discharge piping and butterfly valves actuated 
from the cabin by manual levers. The normal operating rpm range is from 1,700 
to 2,500.
Figure 5-22: 2 36” pipe cap nozzle (5.75”by 1/8”, 180 degree)
A 1,500 gallon water truck with flat plate fan nozzles was retrofitted with 2 36” 
pipe cap nozzles for the purpose of testing the spray distribution since 2,000 
gallon water trucks were unavailable at the time (Figure 5-23). The pipe caps 
were designed by UNLV with the help of LVVWD Fleet Services Department.
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Figure 5-23: 1500 galion water truck retrofitted with pipe cap nozzles
5.2.2.1 Pipe cap nozzle tests (5.75” by 1/8”,
180 degree)
The spray characterization tests with all the pipe cap nozzles were carried out 
at a water pump rpm of 1800 with an average run time of 20 seconds. Grid 
arrangement # 2 was used for the distribution tests. The spray was characterized 
by a wider fan (51ft) and a very low flow rate of 175 gpm (obtained from the tank 
water level difference) when compared to flat fan nozzles (discussed in section 
5.3.1). Also the spray was traveling 16 to 22 ft in the air before reaching the 
ground. The spray pattern is shown in the applied water depth chart (Figure 5- 
24.)
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WATER DISTRIBUTION PATTERN (RUN1,19.7secs)
E 3 G & L
□  A & B
□  I . J & K
C &  D
I . J & K
E & F
□  I . J & K
I . J & K
□  I . J & K
□  I . J & K
C & D
E & F
I, J &  K
Figure 5-24: Applied water depth chart for pipe cap nozzle. CU value for this test 
= 0.29
From the chart it is clear that the spray definitely has a low applied water 
depth. Also, there is substantial amount of overlap in the middle region and the 
average ratio of the 68^ percentile value to the mean (2.05) shows it too. Even 
though average coefficient of uniformity for all the tests (0.24) is higher than that 
of the flat fan nozzles, the low application rate value of 0.04 cm/sec makes these 
sprays less effective in dust suppression (Table 5-12). Also, the high velocity, 
fine spray from the smaller slot area makes the spray more prone to wind carry 
over. A detailed summary of the test results are given in Table 5-12.
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Table 5-12: Summary of important test parameters and results of spray distribution test of 2 inch pipe cap nozzle 
(5.75” by 1/8”, 180 degree nozzle angle, and UNLV design on 08/18/04
Run^ Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X L, (In) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1800/
1830 19.6 0.073 & 135
1/8x5.75, & 
180 0.81 0.86 0.040 2.06 1.06 0.29
spray width 51 ft, low 
application rate. Flow 
rate = 175 gpm
1800/ 
1800^
20 0.4 & 135 1/8x5.75, & 180 0.80 0.73 0.038 1.95 0.95 0.29
spray width 51 ft
1800/ 
1800^
19.2 0.8 & 135 1/8x5.75, & 180 0.67 0.78 0.035 2.17 1.17 0.15 spray width 51 ft
Average 0.76 0.038 2.06 1.06 0.24
Standard
Deviation 0.003 0.110 0.079
1. E s tim a te d  va lu e
(/)(/)
5.2.2.2 Pipe cap nozzle tests (5.75” by 3/8” (rough cut), 180 degree)
Pipe cap nozzle with a rough cut slot with a higher width of 3/8” was tested as 
another base case scenario. All the test parameters were kept the same as the 
1/8” pipe cap test except the grid arrangement .Since the spray was found only 
35 feet wide, the 28-foot; original grid arrangement was resumed after the first 
test run. The nozzle slot was quite uneven with a slot width of 1/4 inch in the 
corners and 3/8 inch towards the middle (Figure 5-25).
Figure 5-25: Pipe cap nozzle (5.75” by 3/8”, 180 degree nozzle angle)
The flow rate during the test was found to be approximately 275 gpm. The 
spray was characterized by marked non uniformity with an average coefficient of 
uniformity of 0.2. The spray also had one or two points of high water depth 
(Figure 5-26) which might me caused by the surface irregularity of the slots.
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WATER DISTRIBUTION PATTERN (RUNG, 9.83secs)
A & B
C & D
T R O U G H S
B G & L
■
□ A&B
□  I . J & K
■  C & D  
O I . J &  K
■  E & F
□  I . J & K
■  H
■  I . J & K
□  I . J & K
□  I . J & K
Figure 5-26: Applied water depth of pipe cap nozzle with a 3/8” nozzle slot width. 
CU value for this test = 0.16.
The average application rate of the nozzles was 0.09 cm/sec which is 
comparable to that of a flat plate fan nozzles. The 68^ percentile value varied 2.1 
times the mean value. Also, the average coefficient of variation was 1.10. A 
detailed summary of results are given in Table 5-13.
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Table 5-13: Summary of important test parameters and results of spray distribution test of 2 16 inch pipe cap nozzle (5.75” 
by 3/8”, 180 degree nozzle angle, and UNLV design); 08/18/04.
Ratio of
Run Run
Wind speed Nozzle size, 
tm/el a W X L. tint Average Standard Application 68th Coefficient Coefficient
^  Engine/ time, direction & Fan depth. Deviation, rate. percentile of Variation of Commentspump sec
(deg) angle (deg)
cm cm cm/sec value to 
the mean
Uniformity
1800/ 3/8 X 5.75,
Uneven nozzle slot.
1800'
9.9 1.2 & 135 & 180 0.83 0.83
0.083 1.97 0.97 0.21 Spray width 35 ft, Flow 
rate = 300 gpm
1800/
1.2 & 135 3/8 X 5.75, 1.16 1.28 0.113 2.10 1.10 0.25
Uneven nozzle slot.
5 1 10.3
1800 & 180 Spray width 35 ft.
1800/
n/a & 135 3/8 X 5.75, 0.93 1.16 0.094 2.24 1.24 0.16
Uneven nozzle slot.
6 1 9.93
1800' & 180 Spray width 35 ft
Average 0.97 0.097 2.10 1.10 0.21
Standard 0.17 0.015 0.14 0.05Deviation
1. Estimated value
(/)(/)
5.2.3 Nozzle- actuator combinations 
These are patented nozzles which are used in some of the water trucks. Most 
of the time these valves are made by the truck fabrication company itself. In this 
section, the following three types of nozzles by three different manufactures were 
tested for uniformity and possible design modifications: 1) Valew®’ 2) Bertolini®, 
and 3) Mega corp.®. The first two are similar in structure except that the Bertolini 
nozzle has a collar around the slot for adjusting the slot width, nozzle orientation 
and spray angle.
5.2.3.1 Tests with Mega corp.®valve 
These proprietary valves are generally deployed in articulated water pulls 
(conversions of scraper tractors into water tankers). Water pulls differ from the 
normal water trucks in the height and location of the spray valves, the water 
pump and pump drives, and spray capability (Figure 5-27).
Figure 5-27: 5,000 gallon water pull (CAT 6130 tractor)
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The spray distribution tests of the rear Mega Corp Magnum® spray nozzle 
was conducted on a 5,000 gallon water pull (CAT613c Tractor) on 07/07/04 
(Figure 5-27). The nozzle slot widths could be adjustable to either 1/4” or 3/8” 
and the nozzle fan angle from 0 to 85 degrees. For the test, the rear left side 
nozzle had a slot width of 3/8” whereas the right side had 1/4” width. Both the 
nozzles had a nozzle angle of 85 degrees (Figure 5-28).
Figure 5-28: Rear nozzle (spray head-valve combination) of 5,000 gallon water 
pull with a slot dimension of 3/8” width and 6” length and 85 degree angle 
(Frehner Construction).
The tests were carried out at an engine rpm of 1,600 with a 10 second run 
time. Since the water pump was close coupled with the hydraulic drive, the 
running pump rpm was not taken. Even though the spray heads were located at 
4ft from the ground, the high velocity spray was traveling 22 feet before reaching
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the ground. The spray was shooting farther on the right side when compared to 
the left due to the smaller nozzle area on that side.
The spray overlap in the middle was found to be a minimum when compared 
with the flat plate fan nozzles because of the different traveling distances of the 
two sprays (Figure 5-29). Also, a higher applied water depth on the left side is 
noticeable from spray distribution chart.
A P L L I E D  W A T E R  D E P T H  C H A R T  ( R U N S ,  9 . 8 3  s e c )
□  A,D
□  I . J &  K
■  C . F
□  I . J & K
■ E.H
□  I . J & K
■ G
■  I . J & K
□  L
■  I, J & K
Figure 5-29: Applied water depth distribution chart for Mega Corp Magnum® 
spray nozzle. CU value for this test = 0.39
The average Coefficient of Uniformity for all the tests (0.37) was the highest 
value obtained for any unmodified nozzle. The average water application rate 
was 0.13 cm/sec, a value which is more or less the same as that of flat fan 
nozzles. Also, the ratio of the 68^ percentile value to the mean was less than two
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for all thie test runs Indicating thie lower variability of the spray (Table 5-14). A 
comparatively lower coefficient of variation value of 0.81 further proves this. The 
uniformity values might have been higher if the wind carry over of the spray had 
not occurred as three of the six runs.
5.2.3.2 Tests with Valew® nozzle 
Spray distribution tests with Valew nozzle was conducted on 06/02/04 at 
LVVWD on a 4,000 gallon capacity. International Tandem series water truck 
(Figure 5-29).The nozzle was a spray head-actuator combination with an overall 
nozzle slot dimensions of 3/8” in length by 7.5” in width and a nozzle angle of 
150 degrees. (Figure 5-31).
Figure 5-30: 4000 gallon water truck with Valew® nozzle
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Table 5-14: Summary of Important test parameters and results of spray distribution test of 5,000 gallon water pull (CAT 
613C) with) Mega Corp Magnum® spray nozzle 07/07/04
Run "P " ’ ’ , ^  Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
deptti,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1600/'' 8.3 1.7 & 270
3/8 X 6 (L), 
1 /4x6(R ) 
& 85
3/8 X 6 (L),
1.27 0.92 0.153 1.72 0.72 0.43
side A (LHS) opening 
was 5/8" and B was 1/4": 
A side was shooting 
farther
2 1600/' 9.64 4.4 & 90 1/4x6 (R) 
&85  
3/8 X 6 (L),
1.46 1.09 0.151 1.75 0.75 0.38 Opposite wind
3 1600/' 10.53 2.6 & 270 1/4x6 (R) 
& 85  
3/8 X 6 (L),
1.02 0.90 0.097 1.88 0.88 0.35 wind effect on LHS
4 1600/' 9.96 3.5 & 270 1/4x6(R ) 
& 85  
3/8 X 6 (L),
1.12 1.06 0.113 1.94 0.94 0.26 wind effect on LHS
5 1600/' 9.83 0.7 & 270 1/4x6 (R) 
& 85  
3/8 X 6 (L),
1.28 1.02 0.130 1.80 0.80 0.39
6 1600/' 10.03 0.9 & 270 1/4x6(R )
& 85
1.29 1.03 0.129 1.79 0.79 0.39
Average 1.24 0.129 1.81 0.81 0.37
Standard
Deviation 0.15 0.022 0.08 0.06
1. Estimated value
Figure 5-31: Valew Make spray nozzle with a slot dimension of 7.5” x3/8” and 
150 degree nozzle angle
The tests were carried out at an average engine rpm of 1,750 (water pump 
rpm 1,925). A ten second run time and the original 28-feet catch cup grid 
arrangement (# 1) were used for all the tests. The first row of catch cups were 
placed six feet from the spray nozzles since a short spray travel distance was 
noticed in the trial runs.
It is clear from the spray distribution chart (Figure 5-32) that the spray has 
substantial non-uniformity. The spray was also characterized by a definite 
amount of overlap in the middle, narrower coverage (=30 feet), and was skewed 
to the right (right side nozzle was shooting farther than the other, Figure 5- 
32).The poor spray of the left nozzle might be due to a line blockage or the valve 
failing to open fully compared to the other.
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APPLIED WATER DEPTH (RUN3, 9.85 sec)
O  H
UJ
E & F
B A & B
■  l . J & K
□  C & D
□  I . J & K
■  E & F  
0 I . J & K
■  G & H
□  I . J & K
C U P S
T R O U G H S
Figure 5-32: Applied water depth distribution chart for Valew make spray nozzle 
CU value for this test = 0.09.
A detailed summary of the test results are given in Table 5-13. The non 
uniformity of these sprays is evident from the low average Coefficient of 
Uniformity value of 0.04.The average ratio of the 68^ percentile value to the 
mean (2.25) and the high coefficient of variation also points to the high variability 
of the spray pattern. The wind effect on spray uniformity was also very small 
since the average wind for all the test runs was less than 0.5 meter/second.
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Table 5-15: Summary of important test parameters and results of spray distribution test of 4,000 gallon water truck 
(International tandem series) Valew® spray nozzle, 06/02/04.
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X  L, (in) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68^ 
percentile 
to the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1 1500/ 10.4 0.3 & 135
3/8 X  7.5, 
& 150 0.71 1.03 0.068 2.47 1.47 -0.11
RHS spray was shooting 
farther ; Low CU since 
poor capture in the grid
2 1750/ ■" 10.07 0.3 & 135
3/8 X  7.5, 
& 150
0.95 1.30 0.094 2.36 1.36 -0.04 RHS spray was shooting farther
3
1750/
2147
(max)
9.85 n/a & 135 3/8 X  7.5, & 150
1.21 1.38 0.123 2.14 1.14 0.09 RHS spray was shooting farther
4 1750/
1567 10.19 0.4 & 135
3/8 X  7.5, 
& 150
0.94 0.94 0.093 2.00 1.00 0.18 RHS spray was shooting farther
5 1750/1 10.13 0.5 & 135
3/8 X  7.5, 
& 150 0.85 1.05
0.084 2.24 1.24 0.04 RHS spray was shooting farther
6 1750/1 10.29 n/a& 135
3/8 X  7.5, 
& 150
0.92 1.10 0.090 2.19 1.19 0.07 RHS spray was shooting farther
Average 0.93 0.092 2.23 1.23 0.04
Standard
Deviation 0.16 0.018 0.17 0.10
1. Estimated value
5.2.3.3 Bertolini spray nozzle 
Spray characterization tests with Bertolini nozzles were performed on the 
1,500 gallon water truck (LVVWD) on which the pipe cap nozzles were tested, by 
changing the nozzles. Preliminary testing of these valves with the 1,000 gallon 
UNLV water truck revealed the potential of these valves for spray pattern 
improvement because of the adjustability of nozzles parameters such as nozzle 
slot width, nozzle orientation and spray angle (Figure5-34)
Adjustable
Figure 5-33; Bertolini nozzle (part # 71 A-3) with collar attached.
The nozzle was first tested without the collar to find out the impact of adding 
the collar. The bare nozzle has nozzle slot dimensions of 3/4”in width by 9” in 
length and nozzle angle of 180 degrees. The tests were repeated with the collar 
attached to the nozzle which changed the overall slot dimension to 5/8” by 8”and 
the nozzle angle to 152 degrees (Figure 5-33).
130
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 5-34: Figure 5-34: Nozzle 71 A-3, manufactured by Bertolini , with the 
collar removed.
The tests were conducted with an engine/ water pump rpm of 1,800 rpm with 
a run time of 10 seconds. The original grid arrangement # 2, starting at 12 feet 
from the nozzle, was used for spray collection. Typical spray distributions of the 
nozzles without the collars are given in figure 5-35, and Figure 5-35 shows the 
water spray pattern with the collar attached. In both the cases the nozzles were 
oriented centrally (orientation angle a = 0 degree)
The nozzle without the collar was characterized by a 35 feet wide, non 
uniform spray with substantial overlap in the middle region (Figure 5-35). The 
spray travel was reduced about 4 feet when the collars were attached to them 
and the coverage was reduced to approximately 30 feet (Figure 5-36). The 
average coefficient of uniformity was reduced from 0.24 to 0.09 and the average 
application rate increased from 0.11 to 0.16 when the collar was attached (Table 
5-16 and Table 5-17).
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A P P L IE D  W A T E R  D E P T H  (R U N 1 .1 1  s e c )
A & B
C & D
I . J & K
□  C & D
□  I . J & K  
E & F
□  I . J & K  
Q&H
□  I . J & K  
L
I . J & K
Figure 5-35: Applied water depth distribution chart for Bertolini nozzle with the 
collar removed. CU value for this test = 0.21
A P P L IE D  W A T E R  D E P T H  ( R U N 4 ,1 0 .0 6  s e c )
□  A & B
■  I, J & K
□  C & D
□  I . J & K
■  E & F
□  i. J &  K
■  0 &  H
□  I . J & K  
I L
I I .  J & K
Figure 5-36: Applied water depth distribution chart for Bertolini nozzle with the 
collar. CU value for this test = 0.17
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Table 5-16: Summary of results of spray distribution test of Bertolini® nozzle with collar removed, 07/23/04
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
to the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1
1800/
1800'
11 0.3 & 135
3/4 X 9.0, 
& 180
1.31 1.47 0.119 2.12 1.12 0.21
nozzle with collar 
removed
2
1800/
1800'
10.52 n/a & 135
3/4 X 9.0, 
& 180
1.15 1.19 0.110 2.04 1.04 0.26
nozzle with collar 
removed
Average 1.23 0.115 2.08 1.08 0.24
Standard
Deviation 0.11 0.006 0.06 0.03
1. Estimated value
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Table 5-17: Summary of results of spray distribution test of Bertolini® nozzle with collar attached, 07/23/04
<jO4^
Run
#
Rpm,
Engine/
pump
Run
time,
sec
W ind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
to the 
mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1800/
1800'
5/8 X 8.0, 
& 152
collars attached, values
3 n/a & 135 — — — — — — were not included due to 
poor spray catch
4
1800/
1800'
10.06 n/a & 135 5/8 X 8.0, & 152 1.50 1.43
0.142 1.95 0.95 0.17
collars attached, spray 
coverage width reduced 
to 30'
5
1800/
1800'
10.26 n/a & 135
5/8 X 8.0, 
& 152 1.58
1.49 0.170 2.03 1.03 0.02
collars attached, spray 
coverage width reduced 
to 30'
Average 1.54 0.156 1.99 0.99 0.09
Standard
Deviation 0.06 0.020 0.05 0.10
1. Estimated value
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CD
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5.3 Modified nozzles
One of tfie major objectives of this research project is to come up with simple 
design modifications of existing spray nozzles for improving uniformity, water 
application efficiency, and ease of adjustment. Design modifications of the three 
major nozzle types were investigated and the spray distribution test results were 
presented in this section. They are: 1) Modifications to the flat plate fan nozzle, 2) 
pipe cap nozzles, and 3) Bertolini ® (part # 71 A-3) nozzles.
5.3.1 Flat plate fan spray nozzle modifications
In this section, flat spray with a spray restricting side baffle plates or ‘ears’ are 
investigated for potential uniformity improvements. The nozzle angle was also 
reduced as an improvement since it was evident from some of the previous tests 
that an angle of 85-120 degree, depending on the spray travel distance, seemed 
to have better uniformity and less spray overlap than 180 degree spray angle.
The results of spray distribution tests of these nozzles with a standard collar for 
slot adjustment are presented at first, followed by the tests with a slotted collar 
for adjustment.
5.3.1.1 Nozzle with baffles and standard collar
Different slot dimensions were used for the two rear nozzles in these tests. 
The right nozzle slot was 4” long (120 degree angle) whereas the left nozzle slot 
was only 3” (90 degree angle). The nozzle width was 1/2” for both and both used 
regular collars to adjust the slot width (Figure 5-37, and Figure 5-38).
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Figure 5-37: Rear right side nozzle with baffles and standard collar (120 degree 
fan angle).
c
Figure 5-38: Rear left side nozzle with baffles and standard collar (90 degree fan 
angle).
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The 1,500 gallon water truck (LVVWD) which was used to test the pipe caps 
was used for all tests with design modifications. The test parameters were kept 
the same as that of the 180 degree flat nozzles (Engine speed: 1,800 rpm, 
runtime: 10 second) and the first row of capture grid was placed at15 feet from 
the nozzles.
The spray was 32 feet wide and was characterized by a high application rate 
and an average flow rate of 510 gpm. It could be noticed from the applied water 
depth chart (Figure 5-39) that, with the spray modification, the spray overlap in 
the middle region was eliminated. How ever, there was still some amount of non 
uniformity observed in other regions.
The summary of test results is given in Table 5-18. The average application 
rate was 0.14 cm/sec, a value comparable to that of the 180 degree nozzles. The 
average ratio of the 68^ percentile value to the mean (1.91 ) was lower than that 
obtained for most of the 180 degree nozzles showing the lower variability of the 
spray. The average coefficient of uniformity was also improved to 0.28.but there 
was a reduction of spray coverage from 35 ft to 32 ft when compared to the 180 
degree nozzles.
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WATER DISTRIBUTION PATTERN (RUNS, 9.98 secs)
A &  B
C &  D
G & H
□  A & B
■  l , J & K
□  C & D
□  I . J & K
■  E & F
□  I . J & K
■  G & H
□  I . J & K
■ L
■  I . J & K
Figure 5-39: Applied water depth chart for flat plate nozzle with side baffles and 
regular collar. CU for this test = 0.32
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Table 5-18: Summary of results of spray distribution test of Flat plate nozzle with side baffle plates and standard collar for 
slot width adjustment 09/23/04
Run ,^ Engine/
pump
Run
time,
sec
Wind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1800/
1800'
9.98 n/a &135
0.5 X 4 
&120(R), 
0 . 5 x 3  
& 90(R)
1.50 1.23 0.153 1.80 0.80 0.32
Flat spray nozzle with 
ears on each side, 
standard collar to adjust 
the spray width, flow rate 
= 510 gpm
1800/
1800'
10.2 n/a &135
0.5 X 4 
&120 (R), 
0 . 5 x 3  
& 90(L)
1.40 1.40 0.135 2.02 1.02 0.23
Flat spray nozzle with 
ears on each side, 
standard collar to adjust 
the spray width, flow rate 
= 510 gpm
Average 1.45 0.144 1.91 0.91 0.28
Standard
Deviation 0.07 0.013 0.16 0.06
1. Estimated value
5.3.1.2 Nozzle with baffles and slotted collar 
Collars with cut slots were used In these tests compared to the plain collars in 
the previous section. Collars with the same slot length as the nozzles were used 
on each side. The effective slot width was also changed from 1/2” to 3/4” for both 
the nozzles. All the test parameters were the same as the previous tests 
(Figure5-40).
Figure 5-40: Left nozzle with baffles and slotted collar (90 degree fan angle.)
A 2 feet reduction in spray coverage and a slight increase in application rate 
(0.155 cm/sec) were observed by the introduction of the slotted collar. The ratio 
of 68^ percentile to the mean was also reduced toi .87. The average coefficient 
of uniformity increased to 0.36 in these tests (Table 5-19). But the average flow 
rate found to be reduced approximately 50 gpm to 450 gpm by the slotted collar 
even though the effective slot area was increased (Figure 5-41).
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WATER DISTRIBUTION PATTERN (RUN7,11.10 secs)
C & D
G & H
□  A & B
■  I . J & K
□  C & D  
O I . J & K
■  E & F
□  I . J & K
■  G & H
□  I . J & K
■ L
■  I . J & K
Figure 5-41 : Applied water depth chart for flat plate nozzle with side baffles and 
slotted collar. CU for this test = 0.40
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Table 5-19; Summary of results of spray distribution test of Flat plate nozzle with side baffle plates and slotted collar for 
slot width adjustment, 09/23/04
Run "P . '" ',  ^  Engine/
pump
Run
time,
sec
W ind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
^ 1800/ 
1800'
11.1 n/a &135
3 / 4 x 4  
&120 (R), 
3 / 4 x 3  
& 90(L)
1.60 1.30 0.146 1.81 0.81 0.40
Flat spray nozzle with 
ears on each side, 
slotted collar to adjust 
the spray width, flow rate 
= 450 gpm
1800/ 
1800'
9.96 n/a &135
3 / 4 x 4  
&120(R), 
3 / 4 x 3  
& 90(L)
1.60 1.52 0.164 1.93 0.93 0.31
Flat spray nozzle with 
ears on each side, 
slotted collar to adjust 
the spray width, flow rate 
= 450 gpm
Average 1.60 0.155 1.87 0.87 0.36
Standard
Deviation 0.00 0.013 0.08 0.06
1. Estimated value
C/)
C/)
5.3.2 Modified pipe cap nozzles 
The modification of the pipe cap nozzle was mainly reducing the spray angle 
from 180 to 120 degrees to minimize the central overlap. The 1/8” slot width 
nozzle was not taken into consideration because of its very low application rate 
of 0.03cm/sec. Two120 degree, 21/2”pipe cap nozzles were designed by UNLV 
with 1/4” and 3/8” slot widths respectively (Figure 5-42). The test results with 
these two nozzles are presented in this section.
5.3.2.1 Slotted pipe cap nozzles (1/4”, 120 degree nozzle angle)
The spray distribution test was conducted on the same 1500gallon truck 
which the 180 degree pipe cap tests were conducted The same capture grid was 
used as before (grid arrangement # 2) except that the entire right side grid was 
moved 6 ft backwards with respect to the other (Figure 5-43), to allow for the 
RHS spray shooting farther because the spray head would tilt upward during 
spraying due to a loose joint at the pipe end.
All test parameters were kept the same except the run time which was kept at 
approximately 12 seconds. The nozzles were oriented outward from the truck 
centerline to minimize the spray overlap (orientation angle a = 30 degrees 
outward). The spray was 40 feet wide and was characterized by a relatively lower 
application rate, and some amount of overlap in the middle (Figure5-44).
A summary of the test parameters and results were given in Table 5-18. The 
ratio of 68^ percentile value to the mean is just below 2.00. The average 
application rate (0.075 cm/sec) was about half of that of the modified flat plate 
spray nozzles. The CU value of the sprays (0.21) was almost the same as that of
143
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the 180 degree nozzles even though the overlap in the middle region was 
reduced.
Figure 5-42: Slotted pipe cap nozzles (1/4”by 3.83”, 120 degree nozzle angle)
i
Figure 5-43: Field arrangement for the 1/4”, 120 degree pipe cap nozzle test
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W A T E R  D I S T R I B U T I O N  P A T T E R N  ( R U N 2 , 1 1 . 9 8 s e c s )
O H
O B
□  I . J & K  
■  D
■  L & F
□  I . J & K
■  A
■  I . J & K
□  C
u i o  o Ü ■  E
■  G
i L & FC U PS 17 T R O U G H S
Figure 5-44: Applied water depth chart for modified pipe cap nozzle (slot 
dimension: 1/4” by 3.83”, nozzle angle 120 degrees). CU value for this test = 0.23
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Table 5-20: Summary of results of spray distribution test of modified pipe cap nozzle (slot dimension: 1/4” by 3.83”, nozzle 
angle 120 degrees, 09/23/04
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X L, (in) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
spray width 40 ft, RHS
1 1800/
1830 12.07 0.3&135
1/4 X 3.83 & 
120 0.89 0.86 0.070 2.03 1.03 0.20
nozzle was shooting 
farther, nozzles oriented 
outward (a =30 deg.)
spray width 40 ft, RHS
2
1800/
1800'
11.98 n/a &135 1/4 X 3.83 & 120 0.93 0.90 0.080 1.96 0.96 0.23
nozzle was shooting 
farther, nozzles oriented 
outward (a =30 deg.)
Average 0.91 0.075 2.00 1.00 0.22
Standard
Deviation 0.03 0.007 0.05 0.02
1. Estimated value
C/)
C/)
5.3.2.2 Slotted pipe cap nozzles (3/8”, 120 degree nozzle angle)
The nozzle was identical to the previous one except that the slot width was 
3/8” instead of 1/4” (Figure 5-45).Grid arrangement # 2, starting at 25 feet from 
the nozzle with the left side moved four feet further down than the other side, was 
used this time. A 15 second run time was adopted for the test runs.
The spray was found to be approximately 55 feet wide and without 
considerable overlap in the middle (Figure 5-46). The average application rate 
was 0.065 cm/sec and the flow rate was approximately 375 gpm. The average 
CU value was 0.38 showing a marked improvement from the 180 degree pipe 
cap nozzles where the average was 0.21 only. The average ratio of the 68^ 
percentile value to the mean also reduced from 2.10 to 1.83 when compared to 
the 180 degree pipe cap nozzles of the same slot width (Table 5-21)
Figure 5-45: Slotted pipe cap nozzles (3/8” by 3.83”, 120 degree nozzle 
angle, and 30 degree orientation angle.)
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W A T E R  D I S T R I B U T I O N  P A T T E R N  ( R U N 3 , 1 5 . 0 9 s e c s )
mi
□  A
□  U & K
■  C & H  
O U & K
■  E & B
■  G & O
O Fo Ü
^ C & H  
E & B  
G &  D
CUPS
TROUGHS
Figure 5-46: Applied water depth chart for modified pipe cap nozzle (slot 
dimension: 3/8” by 3.83”, nozzle angle 120 degrees). CU value for this test = 0.42
5.3.2.3 Pipe cap nozzles with drilled holes 
This modification of the pipe cap nozzle consisted of eight, 1/4” holes drilled 
along the circumference of the pipe cap, spaced to cover 120 degree of the 
circumference (Figure 5-47). The tests were conducted with the nozzle oriented 
30 degrees outward from the truck centerline. Grid arrangement # 1, starting at 
22 feet from the nozzle with troughs L and H placed 2ft in front of A and B 
respectively was adopted moved 4feet further down than the other side, was 
used this time. A 20 sec second run time was adopted.
The spray consisted of individual spray streams of high exit velocity 
corresponding to each hole of the nozzle which resulted in spotty coverage 
(Figure 5-48). The spray fan was very wide (55 feet) and was characterized by a 
very low application rate of 0.03 cm/sec, low average coefficient of uniformity
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(0.06) and comparatively high coefficient of Variation (1.17) (Table 5-21). Overall, 
the preliminary results were not satisfactory with the drilled holes.
Figure 5-47: Pipe cap nozzles with drilled holes (Eight, 1/4” holes and 120 deg)
W A TE R  D ISTR IBU TIO N  P A TT E R N  (R U N 8,19 .93secs)
5 .0 0 -
A& B
I . J & K  TRO UG HS
□  H & L  
■
□  A & B  
Dl. J &  K
■  C & D
□  I . J & K
■  E & F
□  t. J &  K
■  l . J & K
■  I . J & K
□  l , J & K
□  I . J & K
Figure 5-48: Applied water depth chart for modified pipe cap nozzle with 
drilled holes (Eight 1/4” holes; 120 degree nozzle angle). CU for this test -0.01
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Table 5-21 : Summary of results of spray distribution test of modified pipe cap nozzle (slot dimension: 3/8” by 3.83”, nozzle 
angle 120 degrees), nozzles oriented 30 degrees outward from truck centerline, 09/23/04
Run
#
Rpm
Engine/
pump
Run
time,
sec
W ind speed 
(m/s) & 
direction 
(deg)
Nozzle
size,
W X L, in & 
angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
3
1800/
1800'
15.09 0.3 &135
1/4 X 3.83 
& 120 0.88 0.68
0.058 1.78 0.78 0.42
Spray width 55 ft, LHS 
nozzle was shooting 
farther.
4
1800/
1800'
12.01 n/a & 135
3/8 X 3.83 
& 120 0.83 0.75 0.069
1.87 0.87 0.33
Spray width 55 ft, LHS 
nozzle was shooting 
farther.
Average 0.86 0.064 1.83 0.83 0.38
Standard
deviation
0.04 0.008 0.06 0.06
1. Estimated value
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Table 5-22: Summary of results of spray distribution test of modified pipe cap nozzle with drilled holes (Eight, 1/4” holed 
drilled along the circumference, nozzle angle 120 degrees, oriented 30 degrees outward from truck centerline, 08/18/04
Run
^ Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X L, (in) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation,
cm
Application
rate,
cm/sec
Ratio of 
68th 
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
1800/
1800'
19.69 1.2 & 135
1/4" $  holes 
(Eight) & 
120
0.56 0.67 0.030 2.21 1.21 -0.01
spray consisted of 
individual streams, poor 
uniformity, low
application rate
1800/
1800'
19.93 1.1 & 135
1/4" 0  holes 
(Eight) & 
120
0.52 0.59 0.026 2.12 1.12 0.12
spray consisted of 
individual streams, poor 
uniformity, low
application rate
Average 0.54 0.028 2.17 1.17 0.06
Standard
Deviation 0.03 0.003 0.06 0.09
1. Estimateci value
oc
C/)
o'
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5.3.3 Bertolini nozzle modifications 
One of the advantages of Bertolini® valve was the ability for slot opening and 
angle adjustment with the collar attached to the nozzle, however, with a standard 
collar designed for the right hand side nozzle only. This made the slot adjustment 
of LHS nozzle difficult since moving the collar outward (counter clock wise) to 
reduce the nozzle angle (valve stationary and centrally aligned) would expose 
the void space between the collar flanges to the valve slot causing water leakage 
through the area (Figure 5-49).
The following four solutions were proposed for the problem: 1) either rotate the 
valve body (left side) or collar (right side) out ward to adjust the orientation angle, 
2) Flip the right handed collar for the LHS nozzle upside down to make it left 
handed, 3) manufacture a left handed collar, and 4) provide a rubber plug to seal 
the space between the flanges. The first method was tedious as it required 
loosening the ‘Victualic®’ coupling between the valve and the pipe with a wrench 
to rotate the valve. The second method had limited slot adjustability since the 
wider bottom part of the collar (now the top part) touches the valve body, limiting 
the slot width adjustment from 5/8” to 1/2” only. The problem was solved by 
making a left handed collar. This was accomplished by cutting off a part of the 
right handed collar bottom and gluing that part to the top (Figure 5-50). This 
created a left handed “mirror image” of the right handed collar. The rubber plug in 
the fourth method was made from 1/4” thick, high durameter rubber gasket. The 
gasket was chamfered to mate the surface of the gap between the nozzles
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(Figure 5-51). All the four methods were tested in the field and the results are 
presented in the next sections.
Figure 5-49: Bertolini® valve with the collar removed and showing the gap 
between flanges.
Ü
«■' rS
Figure 5-50: Original collar (left) and the modified collar to use in left side 
Bertolini® valve (right)
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r
Figure 5-51 : Collar with rubber plug between the flanges to use in the left side 
Bertolini® valve
5.3.3.1 Test results with slot width-nozzle angle combinations 
Here, a number of slot areas and nozzle angles were tested to find out the 
combination producing the best spray uniformity. Slot adjustments of the left side 
nozzle were accomplished by the counter clockwise rotation of the valve body. 
Nozzle angles of 135 degree and 115 degree were investigated for a slot width of 
5/8” and 135 and 120 degrees were tested for a slot width of 3/8” (Figure 5-52).
The highest CU value (0.47) was obtained for a slot width-nozzle angle 
combination of 3/8”-120 degree although a slight overlap was observed in the 
middle (Table 5-20). This was a major improvement from that of the centrally 
oriented, collar attached nozzle (CU value =0.08). The spray was characterized 
by a 45 feet wide fan with an application rate of 0.08 cm/sec (Figure 5-53). The 
ratio of the 68^ percentile value to the mean was also low (1.81).The flow rate 
was approximately 400 gpm.
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Figure 5-52: Right side nozzle adjusted to a 120 degree-3/8” nozzle angle-slot 
width combination.
W A T E R  D IS T R IB U T IO N  P A T T E R N  (R U N S , 9 .9 7 s e c s )
C & D
□  A & B  
O I . J & K
■  C & D
□  I . J & K
■  E & F
□  I . J & K
■  H
■  I, J & K
□  I . J & K
□  I . J & K
Figure 5-53: Applied water depth chart for Bertolini nozzle with a 120 degree-3/8” 
nozzle angle-slot width combination. CU value for this test = 0.47
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Table 5-23: Summary of results of spray distribution test of Bertolini nozzle with different nozzle angle-slot width 
combinations (using method 1- nozzle and collar rotation), 07/23/04
Rpm Run Wind speed (m/s) & 
direction 
(deg)
Nozzle size, Average Standard Application
Ratio of 
68th Coefficient
# Engine/pump
time,
sec
W X L, (in) & 
Fan angle (deg)
depth,
cm
Deviation,
cm
rate,
cm/sec
percentile 
to the 
mean
of Variation ofUniformity
Comments
6
1800/
1800*
10.06 n/a & 135 5/8 X 7, & 133 1.76 1.49 0.175 1.85 0.85 0.29 orientation angle a = 23.5 deg
7
1800/
1800*
10.4 n/a & 135 5/8 X 6.0, 113
& 1.51 1.55 0.150 2.03 1.03 0.14
spray was not covering 
the center, orientation 
angle a = 33.5 deg
8
1800/
1800*
10.14 n/a & 135 3/8 X 7.0, 133
& 1.09 1.16 0.107 2.06 1.06 0.20 orientation angle a = 23.5 deg
9
1800/
1800"
9.97 n/a & 135 3/8 X 6.5, 123
& 0.80 0.64 0.080 1.81 0.81 0.47
highest CU among runs, 
orientation angle a = 
28.5 deg 
each valves rotated 1 "
10
1800/
1800*
10.21 n/a& 135 3/8 X 6.5, 123
& 0.61 0.52 0.064 1.85 0.85 0.35 more outward than in # 9, orientation angle a = 
47.5 deg
Average 1.15 0.115 1.92 0.92 0.29
Standard
deviation 0.48 0.047 0.12 0.13
1. Estimated value
5.3.3.2 Test results with left side collar modifications
The spray distribution test results using the modified left handed collar 
(method 3) and the right handed collar with the rubber plug on the left side nozzle 
(method 4) are presented in this section. Also the nozzle bodies were marked to 
standard fan angles of 120 and 135 degrees for the ease of adjustment. The left 
handed collar was tested with a nozzle angle- slot width combination of 3/8"-130 
degrees, where as the rubber plug was tested with a 115 degree nozzle angle 
(Figure 5-54). The modifications performed well during the test runs. The 
summary of results is given in Table 5-24 and Table 5-25.
The highest CU value of 0.55 was obtained for the tests with the rubber plug 
(3/8” width and 115 degree nozzle angle).This was the highest CU achieved for 
all the tests. There was minimum overlap between the left and right sprays 
(Figure 5-55).The ratio of the 68^ percentile value to the mean was also the 
lowest obtained (0.62) shows the improvement in spray variability. The spray was 
approximately 45 feet wide and the application rate was 0.098 cm/sec. The flow 
rate was approximately 400 gpm, almost 50 gallons less than that of the original 
nozzle with collar test with no slot adjustment.
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Figure 5-54: Left side Bertolini® nozzle with modified collar with rubber plug and 
oriented for highest CU value (0.55)
W A T E R  D I S T R IB U T I O N  P A T T E R N  ( R U N 3 ,  9 .9 4  s e c s )
Mu
A & B
C & D
□  A & B
□  1 , J & K
■  C & D  
O I . J & K
■  E & F
□  I, J & K
■  H
■  I . J & K
□  I . J & K
□  I . J & K
Figure 5-55: Depth chart for Bertolini nozzle (LHS collar with rubber plug) with a 
115 degree-3/8” nozzle angle-slot width combination. CU value for this test = 
0.55
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Table 5-24: Summary of results of spray distribution test of Bertolini® nozzle with modified left handed collar 08/18/04
CD
Run
#
Rpm,
Engine/
pump
Run
time,
sec
Wind speed 
(m/s) & 
direction 
(deg)
Nozzle size, 
W X L, (in) & 
Fan angle 
(deg)
Average
depth,
cm
Standard
Deviation
Application
rate,
cm/sec
Ratio of 68 
th
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
Modified LHS
1
1800/
9.94 1.0 & 135 3 /8x6 .7 5  & 127 0.90 0.79 0.091 1.87 0.87 0.40
collar.Slight overlap in 
the middle, orientation
1800 angle = 26.5 degree, CU 
improved
Modified LHS collar.
2
1800/
1800'
9.97 1.6&  135 3 /8x6 .7 5  & 127 0.82 0.74 0.085 1.91 0.91 0.30
orientation angle = 26.5 
degree, CU reduced due 
to poor spray catch
Average 0.86 0.088 1.89 0.89 0.35
Standard
Deviation 0.06 0.004 0.03 0.07
1. Estimated value
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C/) Table 5-25: Summary of results of spray distribution test of Bertolini® nozzle with rubber plug on LHS collar 08/18/04
8
( O '
3.
3"
CD
Run
#
Rpm,
Engine/
pump
Run
time,
sec
W ind speed Nozzle size, 
(m/s) & W X L, (in) & 
direction Fan angle 
(deg) (deg)
Average
deptti,
cm
Standard
Deviation
Application
rate,
cm/sec
Ratio of 68 
th
percentile 
value to 
the mean
Coefficient 
of Variation
Coefficient
of
Uniformity
Comments
4
1800/
1800'
9.94 1.0 & 135 3/8 X 6 & 115
0.97 0.60 0.098 1.62 0.62 0.55
Original LHS collar with 
rubber gasket in the 
leaking area. Highest CU 
achieved, orientation 
angle = 32.5 degree
1. Estimated value
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5.4 Summary of results 
In tills section, summary tables containing important test parameters of spray 
characterization test results, categorized by the nozzle types, are presented. The 
results of unmodified nozzles (both simple and combined) are presented first, 
followed by the summary tables of nozzle modifications.
5.4.1 Unmodified nozzles
5.4.1.1 Summary of simple nozzles test results 
The simple, 180 degree, nozzle (unmodified) test results are summarized in 
this section (Table 5-26). This include the flat fan nozzles and the pipe cap 
nozzles
Table5-26: Summary of simple, 180 degree nozzle test results.
N ozz le  Fan 
A n g le  (0 ) & 
O rien ta tio n  
A n g le  (a), 
deg re es
A p p lic a tio n C o e ffic ie n t o f C o e ffic ie n t o f
N ozz le  T ype No. o f R uns
R ate, cm /sec , 
M ean  + /- S td . 
D ev
V a ria tion , 
M ean + /- S td . 
D ev
U n ifo rm ity , 
M ean + /- S td. 
D ev
S in g le  F la t 
Fan 180 &  0 5 0 .0 8 6  + /- 0.01 0 .90  + /- 0 .09 0.21 + /- 0 .08
S in g le  F la t 
Fan (o ff-re a d )
180 & 0 3 0 .0 6 4  + /- 0.01 1.03  + /- 0 .22 0 .13  + /- 0 .17
D ua l F la t Fan 180 & 0 19 0 .1 2 5  + /- 0.01 1.14  + /- 0 .13 0 .13  + /- 0 .09
D ual F la t Fan
(T rench 180 &  0 4 0 .90  + /- 0 .24 0 .36  + /- 0 .12
M ethod )
D ua l F la t Fan 
(o ff-roa d ) 180 &  0
7 0 .0 6 6  + /- 0.01 1.11 + /- 0 .09 0 .16  + /- 0 .08
D ua l P ipe
ca ps  1/8" by 180 &  0 3 0 .0 3 8  + /- 0 .00 1.06 + /- 0.11 0 .24  + /- 0 .08
5 .75 "
D ua l P ipe
caps*, 3 /8 " by 180 &  0 3 0 .0 9 7  + /- 0 .02 1.10 + /- 0 .14 0.21 + /- 0 .05
5 .75 "
Irregular Nizzle slot surface
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5.4.1.2 Combined nozzle test results 
The baseline test results of the combined nozzles (spray head -valve 
combinations are summarized in this section (Table 5-27). Nozzles manufactured 
by Valew®, MegaCorp®, and Bertolini® are included in this section.
Table 5-27: Summary of combined nozzle (unmodified) test results
N ozzle  T ype
N ozz le  Fan 
A n g le  (0) & 
O rie n ta tio n  
A n g le  (a), 
d e g re e s
N um ber 
o f R uns
A pp lica tion  
R ate, cm /sec. 
M ean +/- S td. 
D ev
C o e ffic ie n t of 
V a ria tion , 
M ean  +/- S td. 
D ev
C o e ffic ie n t of 
U n ifo rm ity , 
M ean  +/- S td. 
D ev
V a lew ® 150 & 0 6 0 .092  +/- 0 .02 1 .2 3 + /-  0 .17 0 .0 4  + /- 0 .10
M ega C o rp® 85  & 0 6 0 .129  +/- 0 .02 0.81 + /- 0 .08 0 .37  + /- 0 .06
B e rto lin i®  
w ith o u t C o lla r
152 & 0 2 0 .11 5  +/- 0.01 1.08 + /- 0 .06 0 .24  + /- 0 .03
B e rtro lin i®  
w ith  C o lla r
152 & 0 2 0 .15 6  +/- 0 .02 0 .99  + /- 0 .05 0 .0 9  + /- 0 .10
B e rtro lin i®  
w ith * C o lla r
0=  115 -135 , 
a =  tt/2 -0 /2 5
0 .11 5  +/- 0 .05 0 .92  + /- 0 .12 0 .2 9  + /- 0 .13
* = A combination of nozzle angles(0) were tested witfi orientation angle a= Tr/2-0/2. Values depend on 
orientation of nozzles. Minimum CU = 0.14 with no coverage in the center. Max CU = 0.47 with some
Mega Corp® nozzles showed the highest average CU value (0.37) among all 
the unmodified nozzles. This might be due to the smaller fan angle and different 
slot dimensions of the two rear nozzles. Bertolini valves also showed higher CU 
values when tested with orientation angles ranging from 20 to 35 degrees.
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5.4.2 Modified nozzles 
Tfie results of spray distribution tests with the nozzle modifications are 
presented in this section.
5.4.2.1 Simple nozzle modifications 
The results of flat fan nozzle modifications (side baffles and slotted collar) and 
pipe cap nozzle modifications (120 degree fan angle) when compared with their 
baseline results are presented in this section (Table 5-28)
Table 5-28: Summary of modified simple nozzle test results compared with the 
baseline values.
Nozzle Type
Nozzle Fan 
Angle  (0) & 
O rien tation  
Angle  (a), 
degrees
N um ber of 
Runs
Application 
Rate, cm /sec. 
Mean +/- Std. 
Dev
C oeffic ient of 
Variation, 
Mean +/- Std. 
Dev
C oeffic ien t of 
Uniform ity, 
M ean +/- Std. 
Dev
Dual F lat Fan
120(R), 
9 0 (L )& 0
Improved
=2
0 .1 4 4 + /-0 .0 1 0.91 + /-0 .1 6 0.28 +/- 0.06
with Ears
180 & 0
O rig ina l -  
5
0.086 +/- 0.01 0.90 +/- 0.09 0.21 +/- 0.08
Dual F lat Fan 
w ith Ears and 
Slotted C olla r
120(H), 
90(L) & 0
Improved
=2
0 .1 5 5 + /-0 .0 1 0.87 +/- 0.08 0.36 +/- 0.06
180 & 0
O rig ina l = 
5
0.086 +/- 0.01 0.90 +/- 0.09 0.21 +/- 0.08
Dual Pipe 120 & 30
Improved
=2
0.075 +/- 0.01 1.00 +/- 0.05 0.22 +/- 0.02
caps, 1/4"
180 & 0 *
O rig ina l = 
3
0.038 +/- 0.00 1 .0 6 + /-0 .1 1 0.24 +/- 0.08
Dual Pipe
120 & 30
Improved
=2
0.064 +/- 0.01 0.83 +/- 0.06 0.38 +/- 0.06
caps, 3/8"
1 8 0 & 0 **
O rig ina l = 
3
0.097 +/- 0.02 1 .1 0 + /- 0.14 0.21 +/- 0.05
' Original slot size was 1/8"
'* = irregular nozzle slot surface
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From the table it could be noticed that the CU value increased about 115 % 
(from 0.13 to 0.28) for flat fan nozzles with side baffles and reduced fan angle, 
and about 175 % with slotted collar and baffles, when compared with a standard 
180 degree flat fan nozzle. There was an 81 % increase in CU value for the 
modified pipe cap nozzle (3/8” slot width and 120 degree fan angle) when 
compared to a 180 degree nozzle.
5.4.2.2 Bertolini® Nozzle modifications 
The test results of Bertolini valve with collar modifications along with the 
baseline tests results are summarized in Table 5-29.
Table 5-29: Summary of modified Bertolini® nozzle test results
Nozzle Type
Nozzle Fan 
Angle (0) & 
O rientation 
Angle (a), 
degrees
Number of 
Runs
Application 
Rate, cm/sec. 
Mean +/- Std. 
Dev
Coeffic ient of 
Variation, 
Mean +/- Std. 
Dev
C oeffic ient of 
Uniform ity, 
Mean +/- Std. 
Dev
Bertolini 
with Left 127 & 30 Improved =2 0.088 +/- 0.00 0.89 +/- 0.03 0.35 +/- 0.07
Handed
Collar
0= 115-135, 
a=  tt/2 -0 /2 *
Original = 5 0 .1 1 5 + /-0 .0 5 0.92 +/- 0.12 0.29 +/- 0.13
Bertolini 115 & 30 Improved =1 0.098 0.62 0.55
with Collar 
Plug 0= 115-135, 
a =  tt/2 -0 /2 *
O riginal = 5 0 .1 1 5 + /- 0.05 0 .9 2 + /-0 .1 2 0.29 +/- 0.13
orientation of nozzies. IVIinimum CU = 0.14 witfi no coverage in tfie center. tVlax CU = 0.47 witfi some overlap 
in tfie center.
5.5 Estimation of nominal application depth from 
stationary test results 
The average application rate obtained from the stationary truck method could 
be used to predict the nominal depth of water application (d) from a moving truck
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by combining the surface application rate (lappi), linear speed of the truck and the 
length of spray foot print.
From Equation 3-3 and 3-4,
'appi = 7 ^ .  and t^ ^^ , (5-1)
tappi U
Where
lappi = Surface application rate,
tappi = Duration of water application on a particular point, seconds
F = Spray foot print length, meters 
u = Linear velocity of the truck, m/s 
Therefore the predicted application depth (d’):
The predicted nominal application depths corresponding to typical average 
application rates of different nozzles, when applying at a linear speed of 5 mph 
for the nearest spray footprint lengths, are estimated in Table 5-30.
From Table 5-30 it is clear that the application depths of the dual flat fan 
nozzles and the Bertolini nozzles exceed the depth recommended by ERA (0.057 
cm) for 100% fugitive dust suppression for the estimated footprint lengths. The 
predicted application depths of the pipe cap nozzles and the single flat fan 
nozzles are slightly below of that recommended by the ERA and the 
recommended depths could be achieved either by increasing the water pump 
rpm or by reducing the vehicular speed.
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Table 5-30: Predicted nominal application depths corresponding to typical average application rates of different nozzles, 
when applying at a linear speed of 5 mph for predicted footprint lengths
Application Truck Nearest footprint length 
(+/- 0.6 m), F, 
m
Predicted nominal Greater than ERA
Nozzle type rate, 1 gpph 
cm/sec
speed, u, 
m/s
application depth, d, 
cm
recommended depth 
(0.057 cm) per pass?
Solution
Dual flat fan nozzles 
(10,000 gal. truck) 0.066 2.25 2.5 0.073 Yes
Dual flat fan nozzles 
(4,000 gal. truck) 0.125 2.25 1.5 0.083 Yes
Single flat fan nozzle 
(4,000 gal. truck) 0.086 2.25 1.2 0.046 No Dual nozzles
Dual pipe cap nozzles 
(3/8" wide and 180 deg. 
slot)
0.097 2.25 1.2 0.052 No Higher pump rpm or larger slot
Dual pipe cap nozzles 
(3/8" wide, 120 deg. 
slot)
0.064 2.25 1.75 0.050 No Higher pump rpm or larger slot
Dual Bertolini (base
case, 5/8"wide, 152 deg. 0.156 2.25 1.5 0.104 Yes
slot)
Dual Bertolini with
collar plug ( 3/8" wide. 0.115 2.25 2 0.102 Yes
115 deg. slot)
5.6 Testing of spray overlap model developed 
The overlap model developed in sections 3.4.2.1 and 3.4.2.2 of Chapter 3, is 
evaluated in this section. Since the model was developed during the last phase 
of the project accurate flow rate measurements were available for only some 
experiments. The spray overlap conditions estimated for different nozzles are 
presented in Table 5-31 and the degree of overlap is compared with the 
corresponding CU values in Figure 5-56.
Comparison of Degree of Overlap with CU Values for Various
Nozzies
0.60 -|
.ê- 0.50 -
E
S 0.40 -c3
o 0.30 -
c0)
u 0.20 -
0)
Ü 0.10 -
0.00 -
0 100 200 300
Percent by which Q/Asln(e/2-a) exceeded Ysep/2(g/2z)'
400 500
0.5
Figure 5-56: Comparison of overlap condition for nozzles with the CU values.
Five out of the six data points in Figure 5-56 follows a general trend of 
decreasing uniformity with increasing amount of spray overlap. This represents a 
preliminary validation of the theory developed in Chapter 3 that predicted a 
decreasing uniformity with increasing overlap (Table 5-31)
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Table 5-31 : Spray overlap model values for selected different nozzles compared with CU values.
cn
00
Nozzle Orient-
Test date and 
nozzle details
size,
W X L, (in) 
& Fan 
angle (deg)
-ation
angle,
a
(deg)
Combined 
flow rate, 
20, gpm
Flow rate/ 
nozzle, 0 , 
m^/sec
Nozzle 
Area, A, 
m^
ysep
Height of 
nozzle, 
z, meters
1
Calculated 
value Q/A* 
sin(9/2-a)
11
Ysep/2 
*(g/2z)° =
Deviation 
100%* (l-ll)/ll
CU
value Comment
07/23/04, Bertolini 
nozzle, (base case)
5/8 X 8.0, 
& 152 0 445 1.404E-02 3.23E-03 1.98 1.40 4.22 1.86 127.58 0.17
Nozzles with 
Collars attached
08/18/04, Bertolini 
nozzle, (modified)
3/8 X 5.875, 
& 113 32.5 400 1.262E-02 1.42E-03 1.98 1.40 3.61
1.86 94.61 0.55 With collar plug on Left nozzle
08/18/04, Rough 
cut, pipe cap 
nozzles
3/8x 5.75, 
& 120 0 325 1.025E-02 1.16E-03 1.98 1.50 7.66 1.79
327.54 0.25
09/23/04, Modified 
pipe cap nozzles
3/8 X 3.83, 
& 180 30 306 9.651 E-03
9.27E-04 1.98 1.50 5.20 1.79 190.54 0.42
10/23/04, Flat fan 1 /2 x 4  & Effective nozzle
modifications ( with 
ears and reduced
120(RX 
1/2 X 3, & 0 486 1.533E-02 1.29E-03 1.98 1.40 10.29 1.86 454.59 0.23
area might be 
higher than
fan angle) 90 (L), measured value
10/23/04, Flat fan 
modifications ( with 
ears, reduced fan 
angle, and slotted 
collar)
1 / 2 x 4 & Effective nozzle
120(RX 
1/2x3,  & 
90 (L),
0 438 1.381E-02 1.94E-03 2.0 1.4 6.2 1.9 233.21 0.36 area might be higher than 
measured value
CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The study investigates the spray distribution patterns of different types of 
spray nozzles of different water spray/dust suppression equipment used on 
construction site, in order to determine if improvements in water use efficiency 
and spray uniformity could be achieved. The following relevant conclusions could 
be deducted from these studies.
6.1.1 Flat plate fan nozzles
1) Considerable non uniformity existed in the spray patterns of the truck 
mounted, low pressure spray nozzle most commonly used in Southern 
Nevada. Also, extensive amount of spray overlap was observed in the 
middle when two of these rear sprays operated together. The average CU 
value for all the 180 degree, flat fan nozzle was about 0.13 ± 0.17.
2) Spray characterization tests with modified flat fan nozzles with side baffles 
and reduced fan angle (120 degree on RMS and 90 degree on LHS) 
showed a CU value increase of about 33 % when compared to a 180 
degree single nozzle (CU value = 0.21 ± 0.08) and the spray overlap in the 
middle region was reduced to a minimum.
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3) The combination of spray restricting side baffle plates and a slotted collar 
to reduce the spray fan angle (120 degree on RHS and 90 degree on 
LHS) were found to be useful in reducing the middle spray overlap. Also, 
the CU value was increased about 71 % to 0.38 with this modification 
when compared with the single, 180 degree, flat fan nozzle (CU value = 
0.21 ±0.08)
4) Slotted collars with a slot width of either half inch or three quarters of an 
inch were found to be a cheap and effective design modification for the flat 
plate fan nozzles since spray parameters such as the spray fan angle, the 
nozzle width, and the spray orientation could be adjusted with this simple 
fix.
6.1.2 Pipe cap nozzles
1) Low flow rate, high potential for nozzle slot obstruction, spray drift by wind, 
and high spray overlap in the middle region were the major draw backs 
found in the 1/8” pipe cap nozzles with a 180 degree fan angle. Also it was 
found that finite slot surface irregularities could result in considerable 
amount of non uniformity in the spray pattern.
2) A 1/4 inch or 3/8 inch wide pipe cap nozzle with a 120 degree fan angle 
was found to be a better design alternative to the 1/8 inch wide, 180 
degree pipe cap nozzles. The CU value increased 81 % to 0.38 for a 120 
degree, 3/8” pipe cap nozzle when compared to a 180 degree, rough cut 
nozzle of the same dimensions( Cu value = 0.21)
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3) The spray blockage could easily be avoided by introducing a 
screen/strainer in the suction piping.
6.1.3 Combined nozzles
6.1.3.1 Valew® nozzles
The valve-spray head combination nozzles manufactured by Valew® were 
characterized by low uniformity (average CU value = 0.04) and smaller coverage 
(32 feet) when operated at the same rpm (around 1,750-1,800) as the other 
nozzles.
6.1.3.2 Mega Corp® nozzles
The nozzle valve combination manufactured by Mega Corp® was 
characterized by a high velocity, low spray angle (85 degrees) with a high 
average coefficient of uniformity (0.37). The nozzle slot area and the orientation 
angle were easily adjustable and some of the trucks had vertically staggered 
spray heads to avoid spray collision when nozzles were operated simultaneously. 
The only disadvantage with these nozzles is that they have a smaller coverage 
area when operated individually due to the smaller nozzle angle.
6.1.3.3 Bertolini® nozzles
1) Preliminary tests with the combined nozzles manufactured by Bertolini® 
showed that the nozzle had high potential for adjusting nozzle parameters 
such as the spray angle, nozzle slot width and the nozzle orientation by 
means of the adjustable collar. However, the collar was found to be 
manufactured exclusively for the RHS nozzle. The average CU values of 
0.24 and 0.09 were obtained respectively for centrally oriented nozzles
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with the collars removed (fan angle 180 degrees)and collars attached (152 
degree fan angle)
2) Two design modifications were developed for the Bertolini® collar to make 
the LHS spray adjustments more operator friendly. The first one was a left 
handed ‘mirror image’ of the RHS collar. A rubber plug was used in the 
space between the flanges of the collar in the second modification. Both 
the modifications were performed excellently when tested.
3) Adjusting the Bertolini® nozzles with a modified left hand collar to a fan 
angle of around 120 degrees, a slot width of 3/8”, and an orientation angle 
of 30 degrees resulted in a spray with the highest coefficient of uniformity 
(0.55) among all the tests. The CU value increased about 5 times when 
compared to a centrally oriented nozzle with unmodified collar and a 152 
degree fan angle.
4) The above-mentioned arrangement yielded a reduction in flow rate (400 
gpm) and a wider spray coverage (45 feet) without a considerable 
reduction in application rate compared to a centrally oriented, 152 degree 
spray without any nozzle adjustment. The original spray had a flow rate of 
approximately 450 gpm and coverage of around 35 feet. This would 
enable the operator of a 4,000 gallon water truck to spend 10% more time 
in the field with each load, cover approximately 43% more area with same 
amount of water.
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6.2 Recommendations for future study
Tfie following areas are recommended forfurtfier researcfi.
1) More individual spray characterization tests to be conducted for Bertolini® 
nozzle with the collar plug or the left handed collar.
2) Test the Valew® valve with an adjustable collar (Bertolini® type) for 
possible uniformity improvements.
3) The combination of two flat fan sprays with 1/2” slotted collars, and 90 
degree nozzle angle at the rear center oriented to have a 180 degree 
spray when operated together (Figure 6-1) should be investigated since 
the spray overlap could be avoided at all engine speeds regardless of the 
spray velocity by this arrangement.
4) Characterize spray drop sizes of typical water truck nozzle and evaluate 
Volume mean diameter (VMD) and Number Mean Diameter (NMD).
5) Staggering rear nozzles at different heights from the ground along with 
different slot widths for the left and right rear nozzles should be 
investigated for minimizing spray collision.
6) The side sprays should be tested for efficiency and uniformity as they are 
used extensively for dust suppression of material stockpiles and 
construction activities like trenching.
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Figure 6-1 : Suggested combination of two, centrally located, 90 degree rear 
nozzles to avoid spray overlap
7) Extension of the gutter method to test the spray patterns of moving trucks 
should be considered. A suggested method is shown in Figure 6-2, where 
gutter sections are placed right behind, under, and alongside the water 
truck. The stationary truck establishes the spray which falls beyond the 
last trough in the back, before moving forward at a predetermined linear 
speed keeping a desired water pump rpm. Collection of data would be 
similar to that of the trench method and spray characterization of a moving 
truck could be achieved by this portable method.
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Speed u
Water Truck
Troughs with c u d s
Figure 6-2: Suggested Extension of Gutter Method to characterize moving truck 
water sprays.
8) The effectiveness of water as a dust suppressant, in various
meteorological conditions and in soils with different particulate emission 
potentials, have also been studied as a part of this project (Unpublished 
work of Sistia, K., Graduate Student, UNLV.), emphasizing parameters 
such as the water infiltration rate, and soil moisture content etc. The 
typical nominal water application depth and surface application rate data 
of various nozzles could be combined with the results of the above 
mentioned study to develop an effective tool to estimate the actual amount 
of water required to control dust effectively in various conditions. Such 
data could also be used to develop simple models to guide water truck 
operators to apply water effectively for dust suppression.
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